Google 



This is a digital copy of a book that was preserved for generations on Hbrary shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http : //books . google . com/| 



■■■X^W II i4<^.() I 



HARVARD COLLEGE 
LIBRARY 



i 



FROM THE 

FARRAR FUND • 

Tilt biqaeH ef Mu. Elua Farrar in 
memory ofhtr Ktubatid.John Farrar, 
BaUii Pn^utor <4 MathtnuUtM, 
Ailrorumy and Natural Phiiompkg, 
1807-1830 



EXPERIMENTAL STUDY OF GASES 







THE EXPERIMENTAL 

STUDY OF GASES 

AN 

ACCOUNT OF THE EXPERIMENTAL METHODS INVOLVED IN 

THE DETERMINATION OF THE PROPERTIES OF GASES, 

AND OF THE MORE IMPORTANT RESEARCHES 

CONNECTED WITH THE SURTECT 



. BY 

MORRIS AV. TRAVERS, D.Sc. 

ASSISTANT- PROFESSOR OF CHEMISTRY, AND FELLOW OF UNHTIRSITY COLLEGE, 

LONDON 



AVITH AN INTRODUCTORY PREFACE 

BY 

Professor WILLIAM RAMSAY, LL.D., D.Sc, F.RS. 



Hontion 

MACMILLAN AND CO, Limited 

NEW YORK: THE MACMILLAN COMPANY 

1901 

All rights retrrvfd 



C\\Q^ u^<^.oi 



( ' 



7' '/ 



/ 



>i* 






INTRODUCTORY PREFACE 

The manipulation of gases has been the object of attention at 
various epochs of chemical history. Scheele collected his gases 
in bladders ; Priestley, unconsciously imitating Mayow, brought 
the pneumatic trough into use ; and Bunsen devised processes 
still employed in analysis of gases. The device of SprengeFs 
pump, and later that of Topler, has placed a new instrument at 
the disposal of chemists ; and the ingenious methods of Hampson 
and Linde of producing liquid air in quantity has made it possible 
to deal with gases as easily, if not more so, as with liquids. In 
the research on the gases of the helium series a number of workers, 
including Lord Rayleigh, and l)rs. Collie and Travers, have made 
use of apparatus, a description of which does not always appear 
in the original papers on the subject, but which will be found 
treated of in this volume. Dr. Travers has also taken the oppor- 
tunity of tabulating the more important constants relating to 
gases ; and what is perhaps of still greater moment, of directing 
the attention of chemists and physicists to lacunai in knowledge, 
which suggest subject for research. 

William Eamsay. 



University Colle(;e, Ldndox, 
October 1901. 



PREFACE 

In the following pages I have attempted to give an account of 
the experimental methods which have been applied to the study 
of gases, and to describe the more important researches whicli 
have been carried out with a view to determining their properties. 

It is probable that in no other section of chemistry or 
physics do such discrepancies occur as exist among the experi- 
mental values assigned by different investigators to the physical 
constants relating to gases. The existence of such irregularities 
renders the treatment of the subject rather difficult ; and as in 
many cases the methods of manipulation, and the manner in 
which the gases experimented upon were prepared, are only 
briefly described in the original papers, it is often impossible to 
arrive at the probable sources of error. In stating results I have 
in many instances attempted to indicate to what extent they 
may be relied upon. 

The breadth of the subject does not permit of its complete 
treatment within the limits of a single volume. I have therefore 
been obliged to restrict myself to a description of such methods 
as may find application in research, and of those investigations 
which either involve new principles, or which lead to results of 
importance. In the chapters which deal with the liquefied gases, 
of which our knowledge is daily increasing, statements are made 
which may shortly need revision. This is particularly the case 
with regard to experimental results which involve measurements of 
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temperature, for until we arrive at a more certain knowledge of 
the relationship between the practical thermometric and thermo- 
dynamic scales of temperature, the values of physical constants at 
low temperatures must retain a more or less empirical character. 

A considerable portion of the book is devoted to the descrip- 
tion of the mpthods which have been developed during the 
investigation of the gases of the helium group, and which are 
capable of application to the study of other problems. The 
opening up of this new field of research we owe to Professor 
William Ramsay, and I take this opportunity of thanking him 
for that training and experience in experimental science which 
I have gained while working with him at University College. 

To IVofessor J. Norman Collie, to Mr. E. C. C. Baly, and to 
Dr. F. G. Donnan, I am much indebted for the advice and 
assistance they have rendered me. I also wisli to express my 
most sincere thanks to Mr. George Senter, B.Sc, for revising the 
final proof-sheets of the book. 

Morris W. Travers. 

University College, London, 
OcUtbcr 1901. 
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CHAPTER I 



THE FUNDAMENTAL GAS LAWS 



Matter in the gaseous state is capable of completely filling all 
available space, and, except so far as gravity is concerned, of 
distributing itself equally through that space. It is, therefore, 
necessary to consider the conditions under which a gas is confined, 
in order to determine its quantity volumetrically. 

The two fundamental laws which connect the volume of a gas 
with the temperature and pressure under which it is confined, 
are as follows : — 

The volume of a ffos varies inversely as the pressure exerted ^ 
upon it (Law of Boyle and Mariotte) — 

The volume of a gas at constant pressure increases or decreases , 
hy -z\^, 01' 0*003665 of its volume at 0° Cfor eveiy degree Centi- 
grade through which it is heated or cooled (Law of Gay-Lussac). 
Thus, if we reckon temperature from —273° C, the absolute 
zero, combining the two laws — 

T T,- 

In order to obtain comparative measurements it is necessary 
to reduce the observed volume of a gas to its volume under 
standard conditions. The standards which have been adopted 
for convenience are 0° C, the melting-point of pure ice, and the 
pressure equivalent to 760 milb'metres of mercury at 0° C. in 
latitude 45°. This is equivalent to 1*0136 x 10^ dynes per 
square centimetre, in absolute measure (see p. 117).^ 

^ The ratio of the vahies of the gravity constant in the basement of University 
College, London, and at sea-level in latitude 45° is as 1 to 1 '0006. 

B 
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In dealing with mixtures of gases, each gas may be con- 
sidered as exerting a pressure, dependent only on the quantity 
of it which is present in the mixture^ The pressure exerted 
by a gaseous mixture is the sum of tfne partial pressure of the 
constituent gases — 

It is also necessary to assume Avogadro's hypothesis, founded 
on Gay-Lus8ac*s law of volumes, in order to connect the chemical 
and physical properties of gases. Equal wlumes of all gases, 
under the same conditions of temperature and pressure, contain tlie 
same nuniber of molecules. 

The general equation, , 

T T 

can be given a simpler form if we suppose the symbols on the 
right-hand side to represent the unit volume of gas under 
standard conditions of temperature and pressure, unit volume 
being taken to be 22*39 litres, the volume of one gram molecule 
of any gas — 

pv= ^^T =RT, 



R = 



273 

760 X 22-39 

273 



If we express the pressure in atmospheres, the value of R in 
litre-atmospheres becomes 

^ 22-39 

PV = 00819 T. 

This equation finds wide application in the study of the properties 
of gases. 

These laws hold true only within the limits of ordinary 
experimental research, and must not be taken to express the 
relationship between volume, temperature, and pressure over 
wide ranges. The deviations from the general laws will be 
considered later. 
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CHAPTER II 



MERCURY-PUMPS 



Older form of pumps — Oeissler's pump — Topler's pump — Accidents to pumps — 
Baly's pump — Shortened lift -pump — Automatic working of lift -pump — 
Sprengel's pump — Multiple-fall Sprengel's pump — Production of high vacua — 
Surface condensation of gases — Methods of punfying mercury and of cle^sing 
glass apparatus 

The operations involved in the determination of the chemical 
and physical properties of gases consist for the most part in 
transferring quantities of gas from one piece of apparatus to 
another. If the gas under investigation can be obtained without 
difficulty and in large quantity, it is a matter of little importance 
whether any quantity of it be lost or contaminated. Recently, 
however, the investigation of the " rare gases," which can only be 
obtained in small quantity, has rendered it necessary to construct 
apparatus to enable the whole of the gas to be collected in a 
state of purity at the end of each experiment. 

In recent years the introduction of improved forms of 
mercury-pumps has rendered work of this kind possible, and the 
removal of a quantity of gas from one piece of apparatus to 
another, without measurable loss or appreciable contamination, 
has become a simple matter. 

Mercury-pumps may be considered as falling into two classes; 
lift-pumps, in which the gas in the pump-chamber is expelled 
by the upward motion of the mercury, and pumps of the 
Sprengel type, in which the mercury falling in drops down a 
capillary tube carries the gas with it, expelling it at the lower 
end. 

The lift-pump finds its origin in the discover)*^ of the principle 
of the barometer by Torricelli in 1643. In its earliest form a 
funnel, closed by a glass plate, was filled with mercury and 
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inverted so that the mercury ran into a basin, leaving tjbe funnel 
V61CU0US. Later, a globe connected with a two-way steel stop- 
cock at the top, and below with a fall-tube bent on itself, and 
terminating in a funnel, was employed. The globe was filled 
with mercury through the funnel ; the stopcock was turned so 
as to expel the air and then closed. The mercury was then 
allowed to run out at a tap at the bottom of the fall-tube, and so 
produce a vacuum in the globe; the two-way tap was then 
turned so as to place it in communication with the vessel to 
be exhausted. These operations were repeated till the limit of 
exhaustion was reached. 

The first important improvement in the instrument consisted 
in replacing the U-tube, tap, and funnel by a flexible limb and 

reservoir, and finally, by a rubber tube and 
reservoir. Subsequently the steel two-way 
stopcock was replaced by one of glass, sealed 
directly to the pump-chamber (Fig. 1). 

From the time of its introduction up 
to the middle of the present century, the 
mercury - pump held alternately with the 
mechanical air-pump, as the result of succes- 
sive improvements in one or the other, the 
position of being the best means of producing 
a vacuum. The lift -pump, with the simple 
two-way stopcock, was incapable of becoming 
a very efl&cient machine on account of diffi- 
culties connected with the construction of 
the tap. 

Since mercury does not wet glass, its 
capillary action is negative, and it is neces- 
sary to exert pressure in order to force it 
into small cavities. In consequence of this 
the mercury in its upward passage through the stopcock does 
not remove the air contained in the irregularities which must 
necessarily exist about and below the hole bored in the plug. 

In the Geissler pump (Fig. 2) an attempt was made, and 
with some considerable success, to oveixjome this difficulty by 
means of an arrangement of three taps attached to the pump- 
head. 

The plug of the tap t^ was pierced in the form of a flattened 
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cone, so that the pump could be placed in communication either 
with the side-tube connected with the vessel under exhaustion, 
or with the atmosphere. 
During the early stages of 
exhaustion, the taps t^ and 
t^ remained permanently 
open. When no more air 
could be moved by simple 
exhaustion, owing to the 
irr^ularities which existed 
about the plug of the stop- 
cock t^y the taps t^ and t^ 
were brought into action. 
Mercury was first allowed 
to run through the whole 
system of taps ; the upper 
one was then closed and the 
reservoir lowered till the 
mercury fell below the level 
of the lower stopcock. The 
air which had previously 
been retained about the two 
lower stopcocks, now filled 
the whole space above the mercury at much reduced pressure. 
The reservoir was then raised so as to drive this air into the 
space immediately below the upper stopcock. The middle stop- 
cock was then closed, and the operation repeated. The whole of 
the pump-chamber was in this way so far freed from traces of 
air, as to render it possible to produce a much higher vacuum 
than could otherwise have been attained to. 

This ingenious but clumsy apparatus has now given place to 
pumps of simpler construction, in which stopcocks, the cause of 
the whole difficulty, are entirely dispensed with. 

In order to attain maximum efficiency the pump should be 
so constructed that the rising surface of the mercury comes 
in contact with a continuous surface of glass only. Taps, or 
ground-glass junctions, must be avoided, as they are certain to 
lead to the retention of small quantities of air, and so render the 
production of high vacua impossible. 

I7Le Topler pavip, — In many of the operations which will be 





Fio. 2. 



EXPERIMENTAL STUDY OF GASES 



described later it is necessary, uot only to remove a quantity of 
gas completely from a vessel, but also to collect the gas without 
loss, and free from admixture with air. The Topler pump 
(Figs. 3, 4) satisfies these conditions, aud possesses the additional 
advant^e of being simple in construction and easily repaired 
when broken. For laboratory use the following measurements 
have been found convenient, but the general dimen- 
sions may, of course, be varied with regard to the 
•_ work in view ; the effieieoey of the instrument 
will, however, depend upon the attention which is 
paid to certain details in its construction. 

The pump-chamber A (Fig. 3) is made of 
stout glass, and should be about 200 mm. long 
and 50 mm. in diameter; the ends, and par- 
ticularly the upper end, should be tapered con- 
siderably to meet tubes of about 13 mm. in 
diameter. If the upper end of the pump-chamber 
presents a surface approaching to the horizontal 
to the mercury as it rises to the pump-head, films 
or even bubbles of air may be entrapped between 
the mercury and the glass, and exhaustion will 
be sjow. The side-tube, which joins the vertical 
*^"'*" tubes at F and H, should also be of about 13 

mm. diameter; the internal angle between the two tubes at 
the upper junction should, for the reasons given above, be very 
acute. The tube C, through which the gas enters the pump, 
should be much narrower than the side-tube, 4 mm. is a con- 
venient diameter ; if it is not made so the gas which enters the 
pump while the mercury is still falling, may carry the whole of 
the mercury in the side-tube into the upper part of the pump, 
and cause a serious fracture. If the pump is properly con- 
structed, the gas will rise in bubbles between the mercury and 
the glass. 

The vertical tube F at the top of the pump-chamber, should 
be tapered to meet the capillary tube G, which should be bent on 
itself in a continuous curve of about 3 cm. in diameter immediately 
above this point The length of the capillary tube shoiild be 
about 800 mm., and ita internal diameter should not much exceed 
1 mm, ; it should be turned up at its lower end so as to admit 
of collecting gases through the pump, The capillary tube may 
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easily be replaced when broken if a sufficieut length of tube ia 
left above the junction at F, A piece of tube, of the eame 
diameter as the vertical tube of the pump, is first sealed to a 
Btraight piece of capillary tube of sufficient length. The tube is 
worked in the blowpipe flame till a perfectly even tapered 
junction is obtained; it is then bent, cut to the right length, 
and sealed to the pump-head with the aid of a small blow- 
pipa The efficiency of the pump will depend to a great extent 
on the care which is expended on this part of it. 

The lower vertical tube should be so long, about 800 mm., 
that when there is a vacuum in the pump and the mercury 
stands below the level of the joint H, the lower end of it lies 
below the level of the mercury in the reservoir, or air may 
slowly leak into the pump through the junction with the rubber 
tube. The rubber tube should not be longer 
than is necessar)' to allow of the reservoir being 
raised to the level of the pump-head, and its 
internal diameter should be nearly as large as 
that of the glass tube to which it is attached, 
80 as to allow of the free flow of the mercury. 
In order to obviate any chance of the rubber 
tube bursting, it should be aewn into a atrip of 
leather or enclosed in a piece of hollow cotton 
lamp-wick. 

In order to prevent the mercury from passing 
into the tube 1), containing pentoxide of phos- 
phorus, when the reservoir is i-aised, the tube C 
may be carried vertically upwards to a height of 
about 900 min. and then bent on itself It is 
more convenient, however, to employ a glass 
valve V as in the figure, and it is probable that 
the rate of exhaustion of a piece of apparatus 
attached to the pump would be considerably 
decreased by the interposition of the long glass 
tube. The valve should be ground so that its 
upper surface fits sufficiently accurately into the 
inner surface of the tube containing it to hinder 
the passage of the mercury ; the angle between '"■ 

the two surfaces should be very obtuse, or the valve may tend to 
1 closed after the mercury has fallen. The top of the valve 
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should be on a level with the junction P (Fig. 4), so that the 
mercury closes it before it reaches the capillary tube. 

The tube D containing the pentoxide of phosphorus (see p. 
41) is usually connected with a large two-way stopcock T, so 
that the pump may be used in connection w^ith more than one 
piece of apparatus. 

The pump may be fixed to a stout board as in the figure. 
The block H is cut so that the bottom of the pump-chamber rests 
on it, and is kept in place by means of a strip of breiss and a 
couple of screws. The fall -tube passes through a hole in the 
bottom of the tray; a cork fitting closely to the fall -tube 
serves to keep it firmly in place, and to prevent the escape of 
mercury through the hole. The tray supports the basin into 
which the end of the capillary tube dips. The board to which 
the pump is attached may be screwed to the wall at a convenient 
height, or fixed to a stand. 

The reservoir may be placed in a bracket, or supported in a 
retort ring with a piece cut out of it to allow of the passage of 
the rubber tube. The retort ring may be fixed to an iron rod 
passing through holes in the tray and stand. A pulley and cord 
may be found convenient in working large pumps. 

Method of vxyrkiiig the Topler pump. — The pump is first 
carefully cleaned with chromic and sulphuric acids, washed with 
distilled water and alcohol, and dried. It is then set up on the 
stand, the tube C is sealed to the tube D, containing pentoxide 
of phosphorus, and the rubber tube and reservoir are attached. 
When sufi&cient mercury has been poured into the reservoir and 
trough the pump is ready for use. 

The reservoir is raised so as to expel about two-thirds of the 
air in the pump-chamber through the capillary tube, and is then 
lowered. As the mercury falls the air in the tube containing the 
pentoxide forces its way through the mercury in tlje side-tube, and 
enters the pump. The operation is then repeated, but during the 
first few strokes the air should not be completely expelled from 
the pump-chamber. If this precaution is not taken the air will 
begin to enter the side-tube, while it still contains a long column 
of mercury ; it will not then break up into bubbles, but will 
probably carry the whole of the mercury upwards against the 
junction F, causing a serious fracture. On no account should the 
tap T be opened while the mercury is falling in the pump- 
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chamber, or a similar accident may result. In any case the gas 
should only be allowed to enter the pump slowly. A rapid 
current of gas may impact the pentoxide of phosphorus into the 
end of the tube containing it, and render subsequent exhaustion 
very slow. 

During the last stages of the process of exhaustion care must 
be .taken that the mercury does not come into violent contact 
with the top of the pump, or a fracture may result. The mercury 
may be allowed to rise rapidly to the junction F ; it may then 
be checked either by pinching the rubber tube or by lowering the 
reservoir. With practice the action becomes automatic. 

When a pump is first set up it should be allowed to remain 
exhausted for a sufficient time for the complete absorption of 
water in the apparatus by the pentoxide of phosphorus. 
Further, since gases like carbon dioxide condense in considerable 
quantity on glass surfaces, the maximum efficiency will not be 
reached till the pump has been filled with air, and exhausted 
two or three times. 

Collecting the gas delivered from the jpump, — Gases removed 
from any vessel by means of the pump may easily be collected in 
a state of absolute purity. A tube filled with mercur}' (p. 26) 
is brought over the upturned end of the capillary tube, and the 
gas is delivered directly into it. 

Accidents. — With ordinary care, a Topler pump may be used 
for years without a serious accident. The capillary tube may. be 
frequently replaced (p. 18), and so long as the crack does not 
extend into the T-joint any fracture about the upper part of the 
pump may be made good with the aid of a small blowpipe. 
Sometimes a crack appears in the capillary tube, and extends 
slowly along its entire length. The crack may commence either 
at the top or at the bottom of the tube ; but as the crack does 
not appear to cause a leak, the pump may often be used for weeks 
in this condition. The cause lies, in all probability, in the vibra- 
tion set up in working the pump ; in some pumps capillary tubes 
may ci*ack one after the other, in others no crack ever appears. 

The tube containing pentoxide of phosphorus must be replaced 
as soon as the reagent becomes exhausted. It is essential to the 
efficient working of the pump that all moisture shall be com- 
pletely absorbed. 

In larger pumps the chamber is often made pear-shaped for 
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convenience. This form of pump (Fig. 5) has not, however, any 
particular advantage over the cylindrical form. 

For the rapid production of high vacua in large 
vessels, when it is unnecessary to collect ^ ^ 
the gases, a pump invented hy Mr. E. C. 
C. Baly has been found to give very good 
results {Phil. Mag. September 1894). The 
pump consists of three chambers con- 
nected by means of syphons, which have a 
small internal diameter. The tube a is 
connected with a reservoir, and the tube 
h through a long vertical glass tube or 
a valve to the apparatus under exhaus- 
tion. The tap c is connected with a 
water-pump which is kept running during 
the whole exhaustion. 

After preliminary exhaustion by means of the water- 
pump, the mercury is caused to rise in the pump till it 
flows into C ; the mercury is then allowed to fall. The 
vessel C now contains air at the pressure of water vapour 
at the temperature of the water in the pump, B contains a 
Torricellian vacuum, A contains gas at low pressure. When the 
mercury again rises it drives the gas from the pump-chamber into 
the chamber B, and in order to prevent any quantity of gas from 
accumulating in B, the mercury is now and then allowed to rise 
so far as to fill the chamber. This, however, is only necessary 
during the early stages of the exhaustion. The upper chamber 
of the pump may be constructed like a Topler pump in order to 
collect the gas delivered through it. 

Shortened form of lift-pum'p, — If the pump-chamber is large 
the work of lifting the reservoir will be considerable, even if the 
apparatus is fitted with a winch and cord. The following method 
has been worked with success, and obviates all labour in using 
the pump. 

The pump and reservoir are fixed permanently in position, so 
that when the pressure is the same in each the mercury in the 
pump stands at about 1 cm. below the point of entry of the side 
tube. The connection between the two may be of glass. 

The opening in the top of the reservoir is closed by a rubber 
stopper through which passes one limb of a two-way stopcock. 
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By means of the stopcock the interior of the chamher may be 

placed in communication with a water-pump or with the atmo- 
sphere ; by turning the stopcock 

alternately one way and the other 

the mercury is caused to rise and fall 

in the pump-chamber. The apparatus 

must, of course, be partially exhausted 

by means of a Fleuss or water-pump 

before the automatic arrangement can 

be started. 

This apparatus can be made to 

work absolutely automatically by 

means of a device designed by Mr. E. 

C. C. Baly. The tap a which is in 

communication with the mercury 

reservoir J, with a water-pump, and 
with the atmosphere, can be 
turned through an angle of 

90° by means of the mechanical arrangement shown 
in the figure. The beam cd rotates about the point e, 
and carries at the end c a weight, and at d a cup which 
can be filled with water by means of a flexible tube 
attached to it, or emptied by means of the syphon /. 
The rate at which the reservoir fills is regulated by 
the time required for the mercury to rise and fall in 
the pump. When the cup is empty the end A of the 
beam rises and places the mercury reservoir 6 in con- 
nection with the water-pump ; the mercury then falls 
in the mercury-pump. In the meanwhile the cup is 
filling with water, and when its weight becomes greater 
than that of the counterpoise at c, it falls, turning the 
tap a, so as to admit air into the mercury reservoir 6. 
The syphon / is so regulated that at the moment that 
the mercury has completely expelled the air from the 
pump-chamber it empties the cup. The tap a is then 
again automatically turned, and the process repeats 
itsel£ 

The Sprengel pump, — Mercury-pumps of the type 
introduced by Hermann Sprengel in 1865 are still 

extensively employed by manufacturers of glow-lamps and for 
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other purposes. In its Bimplest form the mercury falls in dropa 
down a c^illary tube, carrying with it air from a side-tube which 
is sealed to the vessel under exhaus- 
tion (Fig. 8). This pump was em- 
ployed by Graham in his researches 
on the diffusion of gases. 

The main diSiculty to be con- 
tended with in working the pump 
was due to the bubbles of air carried 
down by the mercury from the funnel. 
This was only partially overcome by 
the introduction of an inverted syphon 
between the funnel and pump-head 
! only. An arrangement introduced 
I by Osmund in 1874 in which the 
mercury entered the first limb of the 
syphon through a long narrow tube 
leading nearly to the bottom of it 
is a distinct improvement, and air 
traps (Fig. 9, B, C) placed in the 
(^ ascending limb of the syphon are 
very effective, but none of these 
methods are quite satisfactory. 

The solution of the difficulty has 
„ g been found in the introduction of an 

exhausted globe between the reservoir 
and pump-head (Fig. 9, B). The mercury passes from the reservoir 
to the top of the exhausted globe through an inverted syphon, and 
enters the globe through a jet, which is slightly 
bent to one side. The stream of mercury 
impinges against the side of the globe, and i 
falls in small drops into the first limb of 
the second inverted syphon, which carries it 
to the pump-head. The globe may be ex- 
hausted by means of a second pump, and 
permanently sealed, and after working for 
months only a minute quantity of air will 
have accumulated in it. This addition renders it possible to 
attain a higher degree of exhaustion than by any other means. 
The pump-head. — In the earlier forms of Sprengel pump the 
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side-tube was set into the vertical fall-tube at an angle slightly 
inclined upwards. Later the introduction of the syphon led 
to placing the tube near the top of the fall -tube. Either of 
the forms shown in Figure 10 answer satisfactorily. 

A mercury injector has been used in connection with single- 
fall Sprengel pumps, but the results are not better than those 
obtained by means of the simpler form. 

To prevent the return of the gas which is carried by the 
mercury down the fall-tube, and which during the 
last stages of the exhaustion is too minute in 
quantity to form bubbles, Mees (1875) introduced a 
bend in the fall-tube (Fig. 11) just below the point 
at which the column of mercury becomes continuous. 
The gain is not, however, as great as might be expected, 
and the liability to breakage is many times increased. 

The length of the fall- tube should be about 900 
mm., and it should have an internal diameter of about 
1*5 mm. ; the lower end may be bent upward in order to allow 
of gases being collected. 

The multiple-fall Sprengel piimp, — Sprengel pumps with more 
than one fall-tube have been, and still are, largely used. A 
simple form with five fall- tubes is shown in Fig. 12 A. The 
mercury from the reservoir is brought to the pump-head by an 
aiTangement of tubes similar to that already described, and falls 
into the capillary tube from jets in the tube a. The capillary 
tubes need not be sealed to the pump-head, but may be joined to 
it, as in Fig. 12 B, by rubber tubes protected by mercury cups. 
It is important that the jet should lie directly over the top of the 
capillary. 

Gimmingham's pump has seven fall-tubes which are sealed 
directly to the pump-head {Proc. Boy. Soc. 1876 ; J, Chem. Indust 
1884). 

A shortened form of Sprengel pump (Fig. 13) was first intro- 
duced by Nieol. The mercury falls from jets in the tube a, as in 
Fig. 12, into the capillary tubes, which are short and pass into a 
vessel b connected with a water-pump and with a wide fall-tube 
of such a length that the mercury rises to a sufficient height in 
the vessel b to cover the lower ends of the capillary tubes. The 
gas removed by the Sprengel pump is delivered into the water- 
pump vacuum in b. 
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One of the chief difficulties in the practical working of the 
Sprengel pump lies in the formation of mercurous oxide in the 
fall -tube at the point 
where the falling drops 
of mercury strike the 
top of the permanent 
column. This is only 
found to happen when 
the gas in the pump is 
air or oxygen, and is 
due to the formation 
of ozone and nitrogen 
oxides by the electrified 
mercury. Where only 

a moderate vacuum is required it will be found that 
the introduction of a few drops of sulphuric acid into 
the pump facilitates its action ; in this case, however, 
the diameter of the fall-tube should be somewhat larger. 

Preliminary exhaustion of apparatus. — Much time and labour 
may be saved by employing a Fleuss oil-pump or a water-pump 
for the preliminary exhaustion of pieces of apparatus. The double- 
cylinder Fleuss pump, when in good working order, will give a 
vacuum such as is required for the production of the X rays. A 
water-pump working with a head of water of thirty-five feet will 
reduce the pressure to the vapour pressure of the water passing 
through it. A good water-pump can only be obtained by testing 
a number of them against a mercury gauge and selecting the best. 

Methods of purifying mercury, — After being in use for a long 
time mercury is sure to become contaminated with small quanti- 
ties of lead, copper, zinc, or other metals with which it may come 
in contact Copper is usually introduced when copper wire is 
used in securing rubber connections, small clippings of copper 
dropped accidentally on the table coming in contact with mercury ; 
zinc and lead are usually present in commercial mercury. Several 
methods for the distillation of mercury have been described, but 
the process itself is inefficient in separating the volatile zinc. 

Mercury which is not very impure may be easily purified by 
the following method. The dry mercury is poured into a tube as 
in Fig. 14, which should be about 5 cm. in diameter, about 80 cm. 
long, and which is inclined at a slight angle by means of blocks. 
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A gentle current of air is made to flow, by means of a water 
pump, over the surface of the mercury for about twenty-four 

hours. The impurities 
are quickly oxidised, and 
the piu'e mercury may 
be filtered off. 
^^^' ^^' By allowing mercury 

to fall in a fine stream through a 5 per cent solution of nitric 
acid in a vertical tube, as in Fig. 15, it may be quickly freed 
from impurities. The pure mercury flows out through the 
capillary tube at the lower end, quite dry and practi- 
cally pure. The acid should not be allowed to stand 
in the tube when not in use, as it will form a crust of 
the nitrate in contact with the residual mercury. The 
impure mercury can be fed in at the top through a 
funnel drawn out to a fine point. 

When mercury is very impure it may be easily 
purified in the following manner. The mercury is 
placed in a stout filtering flask (Fig. 16) beneath a 
5 per cent solution of nitric acid. A glass tube 
passes through the cork nearly to the bottom of the 
flask, and a current of air is caused to pass through the 
liquid by connecting the side-tube of the flask with a 
water-pump. The liquids are subsequently separated by a tap 
funnel, the solution of mercurous nitrate being returned to the 

flask for further use. 

CleanViig apparahcs which has contained 
m^rcui^y. — When glass apparatus which has con- 
tained mercury has been in use for some time 
it is liable to become coated on the inside 
with compounds of mercury. If the gas 
which has been allowed to enter the apparatus 
has at any time contained sulphur compounds 
or traces of tlie halogens, the coating is sure 
to consist partly of sulphide or halides of 
mercury, which are almost impossible to 
remove by means of ordinary reagents. The 
following method has been found very effi.cient 
in cleaning apparatus which has become very dirty through long 
use. Zinc dust is made into a thin paste with water, and 
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the liquid is poured into the apparatus, which is shaken so that 
the sides become well covered with the zinc. Dilute hydro- 
chloric acid is then added, and the apparatus is again well shaken 
and finally washed out with water. The insoluble mercurous 
compounds are now reduced to metjJlic mercury which can be 
removed with a little strong nitric acid. 
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CHAPTER III 

GAS-MANIPULATION; STOPCOCKS, ETC. 

Sealed -glass junctions — India-rubber connections — Ground -glass junctions — Methods 
of connecting metal and gla&s tubes — Stopcocks — Three-way stopcocks. 

Sealed-glass junctions. — It is often convenient, and sometimes 
absolutely necessary, to connect pieces of glass apparatus by seal- 
ing the leading tubes in situ in the blowpipe flame. If the tubes 
are of not more than one centimetre in diameter, the operation is 
an easy one, and may be carried out in the following manner. 

The tubes are brought together* so that the edges exactly 
coincide, and a piece of rubber tube is connected with a side-tube 
or stopcock leading to the interior of the apparatus ; all the other 
openings are closed. The edges of the tube are first carefully 
heated in the luminous flame, and when thoroughly annealed the 
gas is turned down so that when the blast is turned on only a 
short section of the tube is heated. The junction must now be 
rapidly heated on all sides and the edges pressed together so as 
to leave no gap ; if this is impossible, or if the glass shrinks back 
so far as to leave a gap, the junction may be completed by means 
of a thin rod of the same kind of glass and a very fine blowpipe 
flame. The junction should next be strongly heated so that the 
glass melts, the tube shrinks to about one-half of its original 
diameter, and is then blown out again by means of the inibber tube 
attached to the apparatus. This operation is repeated till all 
trace of a line of union disappears. The junction is then again 
carefully annealed in the blowpipe flame. 

It is essential that the two glass tubes should be of the same 
kind of glass or, though it may be possible to seal them together, 
they will afterwards come apart. Further, it is sometimes im- 
possible to manipulate old glass in the blowpipe flame, as it 
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devitrifies, becomes crystalline, and does not melt. Traces of dirt, 
and particularly of pentoxide of phosphorus, render it impossible 
to make a good joint, so that the tubes should always be washed 
out and dried before an attempt is made to seal them together. 
Tubes which have contained mercury appear to be somewhat 
difficult to manipulate, though the cause is not apparent. 

In sealing capillary tubes together the ends should be blown 
into bulbs, and a very small flame should be used. 

If the total capacity of the apparatus is large, great care must 
be taken in blowing out the junction, and a wide rubber tube 
should be used. Since the pressure required to expand a bubble 
varies inversely as its diameter, the pressure required to expand 
the melted tube decreases as its diameter gets greater. Conse- 
quently, though it may be at first difficult to blow out the tube 
which has been melted down in the blowpipe flame, when once 
started, the pressure in the apparatus may be sufficient to expand 
it into a bulb, unless the side-tube is of sufficient cross-section to 
allow of its being quickly released. On the other hand, in seal- 
ing together small pieces of apparatus it is unnecessary to employ 
a side-tube at all. The edges of the tubes are well heated and 
pressed together, and the junction is melted in the blowpipe flame. 
The increase of pressure in the apparatus is sufficient to expand 
the glass, but it requires some practice to carry the operation out 
effectively. 

To connect pieces of apparatus at a distance, a piece of glass 
tube is cut to the exact length, and connected with one of the 
leading tubes by a piece of rubber tube about 2 cm. long. The 
tube is then held in position in a clamp, while the free edges are 
sealed, and when this is done, the rubber tube is removed and 
the second junction is made. If the tubes to be sealed in situ 
are of different diameter the larger tube must be heated, drawn 
out to a long taper, and cut at the right point. This cannot be 
done in the case of tubes which differ very greatly in diameter. 

Indicc-rubber connections. — In certain cases where it is im- 
possible to seal the tubes together, rubber connecting tubes may 
be employed, and, if proper precautions are taken, there is no 
objection to their use. To connect tubes up to 4 mm. in 
diameter, thick -walled rubber tubes of about 2 mm. internal 
diameter and 6 mm. external diameter should be used. The ends 
of the glass tubes should be rounded in the blowpipe flame and 
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forced into a piece of the rubber tube about 3 cm. long till they 
meet. A suigle turn of copper wire rather less than 1 mm. 
in thickness is brought round each end of the rubber tube, and 
is twisted tight by means of a pair of pincers. 

To render the junction more secure a little tap grease (p. 24) 
may be run in between the rubber and the glass by means of a 
heated iron spatula. It is not advisable to heat the ends of the 
glass tubes before forcing them into the rubber tube ; the 
junction is not rendered much more secure and the interior of 
the apparatus is filled with the vapour of the decomposed rubber. 
The junction may be enclosed in mercury in order to render it 
more thoroughly air-tight (p. 70), it is, however, questionable 
i¥hether or not gases can pass between the surfaces of the 




Fio. 17. 



mercury and of glass in contact. Both Crookes and Morley state 
that in order to render a rubber junction, which leaks slowly in 
contact with air, perfectly air-tight, it should be protected by 
mercury, and the surface of the mercury should be covered by a 
layer of sulphuric acid. 

To connect pieces of quill tube to tubes of larger diameter 
the following method has been found convenient (Proc. J8. S. 
60, 442). The larger tube (Fig. 17), which may be of hard or 
soft glass, is drawn to a neck at A ; a piece of thick-walled 
rubber tube is passed over the end of the small tube, which is 
then forced into the neck of the large tube. The space above 
the junction may be filled with mercury or other liquid. This 
form of connection possesses the advantage that only a very 
small area of the rubber is exposed to the action of gases inside 
the apparatus. 

Ground-glass junctions, — If it is necessary to take a piece of 
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apparatus apart frequently, it is convenient to make the con- 
nections by means of ground-glass junctions. 

The usual form of ground -glass junctions are shown in 
Fig. 1 8 ; they may be of any 
diameter, but the type B is more 
applicable to larger tubes if the 
apparatus is to hold a vacuum. 
The connection consists of a plug 
and socket carefully ground to 
fit one another. In A the tubes 
are of the same diameter. In 
B the socket is turned out to 
^orm a cup, which can be filled \ p 
with mercury or other liquid to 
guard against leakage ; the liquid 
can be removed by means of a 
pipette, made like a small wash- 
bottle, before the tubes are dis- 
connected. The type C was employed by Morley (p. 130) to 
connect his density-bulbs to the apparatus for filling them. The 

plug was sealed to the bulb, and the small project- 
ing tube prevented any of the lubricant, which 
was used to make the joint tight, from being carried 
down inside the tube. It is practically impossible 
to make a junction between capillary tubes without 
blowing a small bulb to receive the point of the 
plug, as in Fig. 18, D. Ground-glass junctions of 
the form shown in Fig. 19 are sometimes employed; 
they are, however, somewhat difficult to make. 

India-rubber cement , or marine glue, can be 
used to make very efficient junctions. The 
cement should l)e heated m situ by a small gas 
jet. 

Flexible junctiom. — Tubes of lead or steel, or 

long spirally wound glass tubes, may be used as 

flexible junctions. Fine steel tubes, such as are 

Fio. 19. ^sed by surgical instrument makers, are the most 

convenient, and will stand very high pressures. 
Connections between metal and glass. — The difficulty of joining 
metal to glass lies in the great difference between the thermal 
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expansions of the two substances. Metal and glass tubes may be 
connected by means of elastic cement, the metal being furnished 
with a socket into which the glass tube fits. 

A fusible alloy (Rawson, Soc. Chem. Ind,, 1890, 151) which 
has the same coefficient of expansion as glass has been used, but 
the junctions are not of a very satisfactory nature, and are only 
gas-tight when covered with a layer of cement. The composition 
of the alloy is as follows : — 

Bismuth .40 per cent Antimony . .10 per cent 



Lead . 25 „ 



Cadmium . .10 „ 



Mercury .16 per cent 

The most satisfactory method of connecting glass and metal 
apparatus is the one first used by Callendar. The metal tube is 

-. soldered (Fig. 20) to a narrow plati- 

Ij ^^^ ' 3 num tube, which is in turn sealed 

Pjq 2q to the end of a glass tube (p. 298). 

The platinum tube may be solid 
drawn, or may be made from a piece of platinum foil rolled on 
a wire and soldered along the edge with pure gold. 

Kammerlingh Onnes employs a steel cap to connect fine steel 
tubes to the capil- 
lary glass tubes of ' ^ 



his high - pressure i II 

manometer. The „ „- 

Fig. 21. 

steel tube is soldered 

through the cap, and passes well within the glass tube. The joint 
is made with marine glue, so that the solder is protected from 
the action of mercury which may enter the apparatus (p. 163). 

Stopcocks, — Modern methods for the manipulation of gases 
usually involve the use of apparatus, of which glass stopcocks 
form an important part. 

If a stopcock is properly constructed and lubricated with a 
suitable grease there is no danger of leakage, even when the 
differences of pressure inside and outside the apparatus is con- 
siderable ; indeed, it should be possible for a piece of apparatus 
connected with several stopcocks to remain exhausted for weeks 
at a time. Glass stopcocks cannot, however, be expected to 
resist any considerable internal pressure. 

The simple glass stopcock in which the leads consist of 
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two pieces of glass tube of 3 to 4 mm, diameter is too well 
known to require description. If well made it may be used 
with safety, but it is usually found that in grinding in the plug 
a ring is formed at the level of the openings in the barrel, and 
leakage may occur from one side to the other. Taps in which 
the leading tubes are of narrow bore, 1 mm. at the most, 
are more to be recommended as less liable to leakage in this 




Fig. 22. 

direction, and are more largely used in the construction ' of gas 
apparatus. 

In order to eliminate danger from leakage round the plug, 
stopcocks are now made in which the leading tubes enter the 
barrel at points which are not exactly opposite to one another 
(Fig. 22). The plug is, of course, bored diagonally to coincide 
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with those openings. These stopcocks are to be recommended 
for accurate work. 

Three-way stopcocks are of two kinds : those in which the three 
leading tubes lie in the same plane and at right angles to one 
another, and in which the plug is pierced in the form of a T; 
and those in which the leading tubes lie in the plane which 
contains the axis of the barrel, and in which the plug is pierced 
by two diagonal holes (Fig. 23). 
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Stopcocks of the first kind are not to be recommended, but 
they possess the advantage that the three leading tubes can be 
placed in communication at the same time. The second form of 
tap, which was first made by Greiner and Friedricks, is now in 
general use. The holes in the plug, which should be about lo 

cm. in diameter, should be at 
right angles to one another. 

A third form of three-way 
stopcock is sometimes employed 
(Fig. 24). It is not, however, to 
be recommended. 

Four-way stopcocks are some- 
times used, and have been found 
to work in a very satisfactory 
manner. Since, however, a two- 
way and a single stopcock can be 
used for the same purpose, nothing 
is to be gained by their use. 

Stopcocks of steel or of plati- 
num have been used in connection 
with glass apparatus. The stopcocks are constructed with sockets 
into which the ends of the glass tubes are cemented (p. 22). 

It may be noted that the efficiency of a stopcock does not 
necessarily depend upon its size but rather on the shape of the 
plug. Long and narrow plugs cannot be accurately ground to 
fit the barrel, but are liable to fit badly at the ends. If the plug 
of a stopcock is *^ cm. long, it should be at least 1*5 cm. in 
diameter. 

Stopcocks which are only in use for a short time may be 
lubricated with tallow or other grease, but if it is necessary to 
employ them ' over a considerable period without relubrication 
they are liable to become jammed owing to the grease working 
out at the ends. A very efficient lubricant, which does not 
deteriorate on keeping, and which, owing to its viscous nature, does 
not work out at the ends of the plug, and which possesses the 
additional advantage that it gives off no hydrocarbon vapour, may 
be made in the following manner. 

Two parts of soft rubber clippings, one part of vaseline, and 
one-eighth part of hard paraffin wax are heated together in a basin 
on a sand-bath. The mixture is thoroughly stirred till the rubber 
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is completely dissolved, and then allowed to cool. The product 
should be a soft, black, and somewhat sticky substance ; it should 
be entirely without odour. The lubricant should be kept in a 
closed wide-mouthed bottle. 

In lubricating a stopcock the plug and barrel should be 
thoroughly cleaned, and a little of the grease rubbed over the plug 
with the finger. After the plug has been turned in the barrel 
several times the tap should appear perfectly transparent and 
free from streaks. 

The use of a rubber lubricant is of course restricted to 
experiments which do 
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not involve the use of 
corrosive gases or liquids. 
In the latter case it is 
better to employ meta- 
phosphoric acid as a 
lubricant. The stopcock 
is very carefully cleaned, 
and the dry plug is ^^^^i^^;;^ 
dipped into pentoxide ^^=^^=^^== 
of phosphorus. On ex- 
posure to air, water is 
absorbed and metaphos- 
phoric acid is produced. 

Since metaphos- 
phoric acid is not a very efficient lubricant it is sometimes 
necessary to take additional precautions against leakage by 
protecting the ends of the plug by mercury cups. The form of 
tap usually employed is shown in Fig. 25. 

An ingenious method has been employed by Dr. Morley in 
order to temporarily close glass vessels without using a stopcock. 

The glass tube is drawn out as in Fig. 
26, and a small bulb is blown at the 
side close to the narrow portion. A 
small quantity of fusible metal is placed in this bulb, and hi 
order to close the apparatus this is melted by gently warming 
and allowed to flow into the narrow portion of the tube, where 
it solidifies. 




Fig. 26. 
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Gas- tubes and mercury- trouglis — Collecting gases delivered by the mercury-pump — 
The syphon pipette — Gasholders and gasometers — Storing and transportinc^ 
samples of gas — Collecting gases from natural waters, etc. — Gases evolved 
during chemical I'eactions. 

The method of removing a gas from any piece of apparatus by 
means of the mercury-pump has already been referred to. When 
a Topler or Sprengel pump is employed the gas can be collected 
without loss or risk of contamination in a tube previously filled 
with mercury, and inverted in the trough over the upturned end 
of the capillary delivery tube of the pump (p. 9). 

GaS'tifhes and mercicry-trottghs, — The tubes which are used 
for collecting and storing gases may be of any size, but the 
dimensions are limited by the internal diameter of the 
mercury-troughs in use, and by the lengths 
of the syphons on the pieces of apparatus 
into which the gas is to be transferred, a 
length of 12 cms. and diameter of about 
2*5 cms., giving a working capacity of 50 
cubic centimetres, will be found convenient. 
Vj The tubes should be contracted at their 

Fig. 27. ^P®^ ^^^^ ^ ^^ ^^^^ figure, SO that they 
can stand in small porcelain crucibles, or 
may be closed by the finger. 

In order to economise mercury it is convenient 
to use a trough of the form shown in Fig. 28. 
The trough should be about 10 cm. wide at the top, 
but the lower portion need only be about 7 mm. 
wider than the gas-tubes in use : a little extra space is, however, 




Fig. 28. 
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more convenient. These troughs are somewhat difficult to 
obtain, but they may easily be made by cementing the top of 
a wide-mouthed bottle on to a gas jar as in the figure.^ 

The gas-tubes may be filled with mercury so as to leave the 
glass free from air-bubbles in the following manner. A piece of 
glass tube, of about 1*5 mm. internal diameter, is bent into a 
syphon of which the shorter limb, which is somewhat longer than 
the gas-tube, is drawn to a point. The short limb of the syphon 
is passed into the tube, which is pressed mouth downwards 'below 
the surface of the mercury in the trough. When all the air has 
escaped from the tube it is allowed to rise, and the syphon, which 





Fig. 29. 
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is still held below the surface of the mercury, is removed from 
beneath it. 

A gas -tube containing gas or mercury may be transferred 
from one trough to another by merely closing it with the finger 
(Fig. 29); the following method is, however, preferable. A 
porcelain crucible, about 2 cm. in diameter, is brought below 
the mouth of the tube which may then be lifted from the trough 
(Fig. 30). Samples of gas may be preserved over mercury in this 
way for any length of time, the tubes standing in a rack made 
by screwing strips of brass to a board at the back of a shelf, and . 
bending them so that they lightly grip the tube. 

^ To cut a bottle or large cylinder of glass a piece of machine-cut paper is first 
wrapped round the glass, and a circular cut is made with a file or glass-knife along 
its edge. Two strips of wet folded filter-paper are then passed round the cylinder, one 
on each side of the cut, and a fine blowpipe flame is directed on to the glass between 
them while the cylinder is slowly rotated. A piece of iron wire 5 mm. in thickness, 
bent into a semicircle of the same diameter as the cylinder, if heated and applied to 
the glass will cause it to crack along the line of a file-mark. The rough edges of 
the glass may subsequently be removed by means of a file. 
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The syphon pipette (Fig, 31) is usually employed for removing 
the ga3 from a tube. The body of the iostrumeDt may be of any 
size, and may be graduated for the measurement of volume. The 
syphon should be of millimetre bore tube of uniform diameter. 




The reservoir should be connected with the pipette by means 
of a piece of rubber pressure tube, and the Joints should be 
wired. The apparatus is usually held in a clamp, and the 
mercury-trough is adjusted to a convenient height on blocks of 
wood. 
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The apparatus is first filled with mercury, and the reservoir 
is lowered and raised again two or three times to get rid of air- 
bubbles. The tube containing the 
gas is then brought over the syphon, 
by raising the trough if necessary, 
the reservoir is lowered, the tap is 
turned, and the gas is tak — =-'" 
the pipette. Sufficient 
should be drawn over with 
to completely fill the capilla 
The syphon may also be 
to larger mercury gasholders 
of the type shown in Fig. 
made to contain about 250 
It is sometimes convei 
deliver gases directly from H 
iuto a gasholder, par- 
ticularly if the quantity 
of gas is lai:^e. The 
vessel a, which is con- ' 
nected with the gas- 
holder ft by a capillary 

tube c, stands in a mercury-trough directly over the upturned 
end of the delivery tube d of the pump : the tube c should not, of 
course, be carried to any great vertical height. If the reservoir 
attached to the gasholder is so placed that the mercury in it lies 
below the level of the mercury in the trough, it will merely be 
necessary to turn the tap from time to time in order to remove 
the gas from a. 

Collective gas over potash, — It 
is often convenient to collect a 
gas over potash or other liquid 
reagent in order to remove one 
of its constituents In a single 
operation. One of the larger gas- 
holders {Fig. 32) may be adapted 
for this purpose by means of the 
arrangement shown iu Fig. 33. 
The glass fitting bed is inserted into the lower opening a of 
the gasholder through a rubber stopper. The gas is delivered 
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through the tube b which passes below a layer of mercury cover- 
ing the bottom of the gasholder, the potash escapes through c 

which is connected with a reservoir; 
the apparatus is similar to that 
employed in nitrogen determina- 
tions. 

Gasometers are sometimes em- 
ployed for storing gas, but they are 
somewhat difficult to manipulate. 
The form shown in Fig. 34 pos- 
sesses the advantage that it does 
not require much mercury. Con- 
centric rings are turned in a block 
of hard wood d, and two concentric 
cylinders a and c are cemented into 
them ; the gasholder b fits closely 
over the inner cylinder. In using 
the instrument the mercury must 
first be drawn up into the stopcock, 
and on account of the buoyancy 
of the glass, pressure must be 
exerted to expel the gas. 

Gasometers of a similar form, 
holding from 20 to 200 litres, 
were employed by Professor Ram- 
say and the author in the pre- 
paration of argon on a large scale. The smaller ones were of zinc, 
and the annular space, which contained water, was about 2 cm. 
wide; a section of one of them is shown in Fig. 72. The pressure 
was adjusted by hanging weights on to the string which was 
attached to the top of the gasometer and passed over the pulleys, 
or by placing weights on top of the gasholder. The top of the 
gasometer and inside cylinder were made dome-shaped in order to 
allow of the gas being completely expelled. 

Tubulated bottles of the form shown in Fig. 35 may be con- 
veniently used as gasholders. As the gas enters through the 
stopcock a, the water is expelled into a second vessel through a 
rubber tube connected with the opening 6. 

Storage of samples of gas. — For the safe keeping of samples of 
gas it is advisable to seal them up in glass tubes so arranged 




Fig. 84. 
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that the gas can be easily removed without loss or contamination. 

The tube which is to contain the gas should be drawn out at 

either end as in Fig. 36 ; its capacity should 
be somewhat greater than the volume of the 
gas under normal temperature and pressure. 
The capillary portion a of the tube should 
be about 1 cm. in length ; the tube should 
he slightly contracted at h and c to hold tlie 




m. 




Fig. ^5. 
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rubber tubes which are attached in introducing and withdrawing 
the gas. The gas may be introduced from a syphon gas-pipette 
by one of the following methods. 

The tube is held in a vertical position in a clamp so that the 
upper end of it lies close to the stopcock on the gasholder. Two 
rubber tubes are then attached; a long one to the lower end 
leading to a mercury resen'oir, and to the upper end a tube of 
sufficient length to make the connection with the gasholder. It 
is advisable to hold a short section of the long rubber tube in a 
clamp, as the strain caused by the weight of the mercury in it 
may break the capillary glass tube to which it is attached. 

Mercury is then poured into the reservoir till it fills the glass 
tube and rises into the rubber tube at the top of it, completely 
expelling all the air. The lower rubber tube is then closed by 
means of a screw clamp, and the short rubber tube is slipped 
over the tube leading to the stopcock on the gasholder, taking 
care that no air is enclosed ; the junction is made secure with wire. 
By opening the stopcock on the gasholder, loosening the screw 
clamp, and lowering the reservoir, the gas is allowed to flow into 
the glass tube and replace the mercury. If the tube is of the 
right size when the mercury is at h (Fig. 36) at both ends of the 
glass tube, the gas will be at slightly reduced pressure, and the 
capillary portion of the tube can be heated in a blowpipe flame 
and sealed off with safety. 

Instead of filling the tube with mercury it may be attached 
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by one end to the gasholder, and by the other to the pump. 
The air is removed by exhaustion, the tube is sealed from the 
pump, and the gas is introduced in the manner already 
described. 

The gas may be either expelled from the tube by means of 
mercury, or drawn off through the pump ; the second method is 
the more convenient. A piece of rubber tube is slipped over 
the end of the glass tube (Fig. 36), which has been previously 
scratched with a file, and secured by means of a turn of wire ; 
the other end is attached to the pump. After the air has been 
removed from the leading tubes the point of the glass tube 
which is inside the rubber tube is broken, and the contents of 
the tube are pumped off and collected. If the end of the glass 
tube nearly fills the rubber tube, so as to render the exhaustion 
slow, the tube may be compressed by means of a screw clamp, 
so as to make it somewhat oval in section. 

The only difficulty involved in expelling the gas from the 
storage-tube with mercury lies in attaching the tube connecting 
it with the reservoir and gasholder, which are previously filled 
with mercury, without introducing air. The operations are 
practically the same as those involved in filling the tube by the 
method first described. 

Storage-tubes with glass taps at either end may be used for 
conveying samples of gas from one place to another for analysis. 

The taps* should be well 
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4 feet in length, were applied 



ground and lubricated, and of 
capillary bora 

Gases frcrm natural waters 
arid min^al springs.— Lord 
Eayleigh has described an ap- 
paratus by means of which it 
is possible to obtain the gas 
from a large quantity of water. 
"The boiler A was constructed 
from an oil-can, and was heated 
by an ordinary ring Bunsen 
burner. For the supply and 
removal of water two co-axial 
tubes of thin brass, more than 
on the regenerative principle. 
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The outgoing water flowed in the inner tube, BC, continued from 
C to D by prolongation of composition tubing. The inflow water 
was delivered into a glass tube at E, passed through the brass 
connecting tube FG into the narrow annular space between the 
two principal tubes, GH. The neck of the can was fitted with 
a rubber cork and delivery tube, L, by means of which the gases 
were collected over water in the ordinary way" {Phil. Traris., 
1895, 226). 

In actual working it is necessary to keep the water boiling 
very steadily, by carefully protecting the burner from draughts. 
The temperature of the water in the basin in which the gas is 
collected should also be kept down to about 70° by means of a 
coil of composition tube through which cold water is circulated. 

The delivery tube may be connected directly with a gasholder 
(Fig. 35) through a stopcock. A condenser about 40 cm. long, with 
an inner tube of narrow bore, is interposed in order to condense 
the steam. The gas is carried along the tube between the pellets 
of water which are formed. 

Lord Eayleigh examined the gases from a large number of 
natural waters, and the method has also been employed by 
Ramsay and Travers {Proc. Boy. Soc, 1897, 60, 442). 

For the quantitative estimation of the gases dissolved in water 
the water must be introduced into a vessel previously exhausted, 
and in communication with a pump, and boiled. A convenient 
apparatus for the purpose has been described by Trumaun (Chem. 
Soc, e/;, 1894, 96). 

The flask is connected by means of a rubber stopper with a 
bulb, which serves as a condenser. The stem of the bulb passes 
down to the bottom of the flask, and a hole is made in it for the 
passage of the steam. The neck of the bulb is sealed to two 
tubes, one leading to a graduated funnel, the other through a 
stopcock to the pump. A ring of composition tube pierced with 
holes surrounds the tube above the bulb ; it is connected with 
the water supply, and serves to maintain a current of water over 
the surface of the bulb. The water runs into a catch -water 
below the bulb, and is conducted away. A similar apparatus is 
described on p. 112. 

In many cases gases are given off with the water in mineral 
springs. In some cases the gases consist chiefly of carbon dioxide, 
in others, particularly when sulphides are present, of nitrogen, often 

D 
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containing rather more argon than is present in atmospheric 
nitrogen, and sometimes helium. 

The gas may be often directly collected by inverting a bottle 
filled with water over an ordinary funnel immersed in the spring ; 
the bubbles of gas rise into the funnel, and so into the bottle. The 
bottle is subsequently stoppered l^elow the surface of the liquid, 
and the neck is afterwards secured with sealing-wax. To remove 
the gas the bottle is immersed in a trough of water, and the gas 
is drawn out by means of a glass syphon into a suitable gas- 
holder. 

Very often, on account of the temperature of the water, or 
for other reasons, it is quite impossible to collect the gas in this 

manner. For . the examination of 
the gases from the springs of 
Cauterets (Pyrenees) the following 
method was employed {Proc. Roy. 
Soc, 60, 442). Vessels made of 
stout sheet-tin A, with taps at either 
end, were used to collect the gas. A 
piece of rubber tube B was attached 
to one of the taps, and the tin was 
filled with water from the spring. 
A tin funnel D at the end of a long 
piece of rubber tube C was then 
lowered into the spring, and water 
was drawn up into the tube which 
was attached to the second tap. 
The tin wa« then fixed in a vertical 
position, and when the funnel was 
brought over points from which 
the gas was issuing the gas rose through the tube into the tin, 
replacing the water, which flowed back into the well (Fig. 38). 

Gases evolved dtcring sealed- tide reactions. — In studying the 
gaseous constituents of mineral substances it was found necessary 
to heat the finely powdered minerals in sealed tubes with sulphuric 
acid to a high temperature in order to completely decompose them 
{Ptoc. Roy. Soc. 64, 132). The acid was poured into the bottom of 
a thick-walled tube, and the mineral was weighed out into a tube 
with a rod sealed to the bottom of it so as to keep it above 
the surface of the acid. The tube was then drawn out as in 
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Fig. 39, A, connected with the pump by means of a rubber 

tube, exhausted, and sealed at the capillary 

portion. 

After heating for a time sufficient for the 
complete decomposition of the mineral, the tube 
was again attached to the pump, aa in Fig. 39, B. 
After removing the air from the connecting tube 
the point of the tube, previously marked with a 
file, was broken inside the rubber tube, and the 
gas was pumped out and analysed. 

Sampling gases from rooms, etc. — The samples 
of gas may be taken in tubes of the form described 
on p. 31. A good cunent of the gas may be 
drawn through the tube by means of an aspirator ; 
Hempel su^ests using a small rubber hand-pump. 
A number of samples may be taken in gas tubes in 
the following manner. A current of gas is made 
to pass along a tube by mean.t of an aspirator or 
water-pump. A syphon pipette with a two-way 
stopcock is connected with the tube so that from 
time to time samples may be drawn off audtrans- 
ferred to tubes. The tubes may be placed on one 
side in crucibles, and the samples subsequently 
analysed. 

Sampling of furnace gases. — This question has 
been so fully dealt with iu several works on 
technical gas analysis that it will only be neces- 
sary to touch lightly upon it here. The use of 
unprotected tubes of either iron, porcelain, or 
platinum is open to objections, for, in the first 
case, the chemical composition of the gases may 
be affected, and it is known that both porcelain 
and platinum, when hot, readily admit Of the 
passage of hydrogen. "Winckler's plan of intro- 
ducing a double-walled tube of the iuydre form, 
through which a current of w;ater circulates, is 
probably the best {Anieitung zur ehemischen A B 

Untersuchung der Indudrie-Gase). Fm. s». 



CHAPTER V 

THE PREPARATION OF PURE GASES 

Apparatus employed iu the production of gases — Gases evolved during sealed-tube 
reactions — Apparatus employed in the purification of gases — Regents, pent- 
oxide of phosphoms, etc. — Hydrogen — Oxygen — Electrolysis — Chlorine — 
Fluorine — Nitrogen — Carbon dioxide — Carbon monoxide — Nitrous oxide — 
Nitric oxide — Ammonia — Phosphoretted hydrogen — The halogen acids — 
Sulphur dioxide — Sulphuretted hydrogen — Ethane — Methane — Acetylene — 
Ethylene. 

In selecting a method for the production of a gas it is necessary 
to take into consideration the following points : — 

1. It must be possible to completely remove all air from the 
apparatus either by exhaustion or by means of a current of the gas. 

2. The gas, when first generated, should be so pure as to 
need little purification. If this is impossible, a method should 
be selected with regard rather to ease with which the impurities 
can be removed, than to the quantity in which they are generated ; 
it would be easier to remove a large quantity of carbon dioxide 
than a trace of hydrogen from most gases. 

Chemical substances, whether elementary or compound, may be 
obtained by processes which fall under one of three headings : — 

(1) Electrolysis. 

(2) The action of heat on another substance. 

(3) The interaction of two or more substances. 

(1) Electrolytic methods are only applicable to the preparation 
of a few gases, such as oxygen, hydrogen, and ethane. The 
method is rarely used. 

(2) By the action of heat upon solid substances. — The sub- 
stance may be heated in a hard glass tube connected either 
directly to the pump, or through tubes containing chemical re- 
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agents. The connection may be made by means of a piece of 
rubber tube or by means of a ground-glass junction. 
If the quantity of gas is not large it may be 
pumped off as generated (see p. 9), and delivered 
into a collecting tube ; but if a large quantity of 
gas is given off, the following method will be 
found more convenient. A syphon tube of small 
internal diameter is connected at right angles with 
the tube connecting the apparatus in which the 
gas is generated with the pump (Fig. 40). The 
long limb a is bent upward at its lower end, and 
dips into a basin of mercury. When the apparatus 
is exhausted the mercury rises to i, but when, 
after closing the stopcock, the substance in c is 
heated, and the pressui*e in the 




apparatus rises, the gas escapes 
through the mercury in the 
basin, and may be collected in 
tubes. The residual gas may 
be removed by means of the 
pump. I shall refer to this 
piece of apparatus as the syphon 
delivery tube. 

(3) By the actimi of a liquid 
on a solid substance, — The solid 
is introduced into a flask (Fig. 
41), which has a tap funnel 
sealed to the side of it, and 
which may either be hermetically sealed or closed 
with a rubber or glass stopper; it is connected 
with the syphon delivery tube and to the pump. 

When exhaustion is nearly complete a little of 
the liquid is allowed to pass the stopcock in order to mak6 sure 
that no air is present in the bore. After complete exhaustion 
the liquid is admitted carefully so as to avoid frothing, heat 
being applied if necessary. 

Bi/ the intei'oction of two liquids or of tico sahstances in solution. 
— The liquids are admitted either separately or together through 
the tap funnel ; no particular precautions beyond those already 
mentioned need be observed. 
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Tube furnace. — For heating loug glass tubes the ordinary 

form of combustion furnace is conveniently 
employed. These furnaces are, however, too 
large for most of the operations with which 
we are concerned, and to meet the require- 
ments of the work. Professor Bamsay has 
designed an attachment to the Bunsen burner 
for heating glass tubes up to 8 inches in 
length (Fig. 42). 

The attachment fits on to the top of a 
^ inch burner, so that it can easily be re- 
moved. The gas issues from a slit along 
the top of the horizontal portion, and the slit 
can be closed by means of four split tubes 
c, c\ The two end pieces d, d! support a 
brass trough in which the tube lies ; the 
trough may be lined with asbestos, but this is usually unnecessary. 
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Fig. 42. 



If it is necessary to lieat the tube to redness, an asbestos 
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hood/ is supported above it by means of a piece of fire-clay 

tile e placed at each end. The hood is made of a strip of 

asbestos cardboard 8 inches long by 3 

inches wide pierced down the middle 

line by a number of holes; the holes 

may be cut with a cork -borer. 

The removal of impurities from a gas 

in the course of preparation is usually 

accomplished by bringing it into intimate 

contact with one or more substances 

which absorb the impurity without at 

the same time giving off any gas or 

vapour which cannot be easily removed. 

The apparatus should be so arranged 

that the reagent presents a considerable 

surface to the gas, which should not pass 

over it at a high velocity or at reduced 

pressure. If a gas is passed directly from the generating vessel 

through the purifying tubes to the pump, it will not be as pure 

as if it had been allowed to escape at full pressure. Helium 
generated by heating cl^vite in a tube, and passed 
directly over red-hot copper oxide to the pump, will 
r~ still contain hydrogen, even if the tube containing the 
copper oxide is of a considerable length. In order to 
obviate this difficulty the syphon delivery tube (p. 37) 
may be employed. 

U - tubes may be conveniently employed to hold 
solid reagents or liquid reagents in contact with pumice 
or some other absorbent. If the apparatus is to be 
exhausted, the tubes should be made without stoppers, 
and should be sealed after they are filled with the 
reagent. A U-tube with one limb sealed is shown 
in Fig. 43. 

Tubes of the type shown in Fig. 44 may be used 
to contain reagents in the same way. 

Four common forms of tubes to contain purifying 

reagents are shown in Fig. 45. The types a, c, and d may be 

used for liquid reagents, and are particularly useful in cases where, 

during a chemical reaction, a quantity of water vapour is given 

off and must be absorbed. The tubes c and d may also be used 
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for solid reagents, such as phosphorus peiitoxide, which can be 
introduced through the stoppered openings. Tlie tube h is the 

simplest and most convenient form 

a ( ) that can be employed with solid 

reagents. A piece of glass tube 2'5 

J, _^ . ^ cm. in diameter is sealed at one 

end to a piece of quill tube, leaving 
the other end open. A ping of glass 
wool is placed in the bottom of the 
tube, which is then filled with the 
„ , ... reagent to within 4 cm. of the top. 

n A second plug of glass wool is pressed 

down on top of the reagent, and 
the tube, after being carefully cleaned with a wet and a dry 
cloth, is drawn out in the blowpipe flame, and sealed to a second 
piece of quill tube. When phosphorus pentoxide is employed 
the tube when in use must lie in a horizontal position, or it will 
become partially or completely clc^ged by the semi-fluid meta- 
phosphoric acid. 

Wash-bottles are rarely employed in cases where it is necessary 
to exhaust the apparatus. A wash-bottle with a 
bye-pass (Fig. 4ti) is, however, sometimes convenient. 
In certain cases it is impossible to exhaust the 
apparatus in which the gas is gev era ted.— S^ieoiaX 
precaution must then be taken to secure the 
complete removal of tlie air from the 
apparatus by the escaping gas, and in 
constructing the apparatus care must be 
taken to keep the internal volume small '"' ' 

without reducing the surface of the purifying agents 
exposed to the gaa Dead ends and blind channels 
must be avoided or made as short as possible. If 
J the gas is generated by heating a substance, heat 
must firet be applied to the extremity of the tube 
containing it, 

Tk'- Riehardton. wa&h-botth. — In this apparatus 
(Fig. 47) the gas is introduced at the bottom of the 
bulb, and rises in bubbles through the tube a, carry- 
ing liquid with it; the lifjuid returns to the bulb through the 
tube b. There is very little free space above the auri'ace of 
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the liquid, and the gas is thoroughly exposed to the action of the 
reagent. 

The Petteiikofer ahscn^tion tube (Fig. 48). — The gas is intro- 
duced through a jet at the bottom of a long inclined tube, which 
is nearly filled with 

the reagent. ^^ "^1 
passes in bubbles 
along the upper sur- 
face, and escapes at 
the open end. In a 
more compact form 

of the apparatus the inclined tube is wound into a spiral, which 
may be of considerable length. 

Neither of these pieces of apparatus should be used if there is 
any danger of liquid being sucked back into the generating vessel. 
In this case the reagents should be contained in U -tubes. 

The gas should be allowed to escape freely from the apparatus 
before any of it is collected. The tube from which the gas escapes 
should pass beneath the surface of mercury. 

The metJiod of purifying gases by liquefaction and fractional 
distillaiian is dealt with in Chapter XVI. 

Phosphorus pentoxidc. — ^This reagent is almost universally 
used as a dehydrating reagent in working with gases, but it is 
somewhat difficult to obtain pure. The oxide should be perfectly 
white and quite free from discoloured nodules and sticky masses 
of metaphosphoric acid. Whe^ exposed to the air it should 
deliquesce without turning red or giving oft* any odour. The 
principal impurities consist of the lower oxides of phosphorus, 
some of which are in themselves volatile and react with gases, 
such as chlorine and ozone, and with water vapour to yield phos- 
phoretted hydrogen. 

In order to oxidise the lower oxides Threlfall (PhU. Mag., 
January 1893) volatilised the crude pentoxide over platinised 
asbestos in a. current of oxygen. Shenstone and Beck {Chem. 
Soc, Jour., 1893, 63, 475) found that the platinum quickly 
became covered with a layer of phosphide and so rendered useless ; 
they recommend the use of platinum sponge. The pentoxide can 
be obtained almost entirely free from the lower oxides by throwing 
it into a red-hot porcelain basin, and stirring it in a current of 
o.xygen. 
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Hydrogen, H^. — (a) Moderately pure hydrogen may be obtained 
by the action of dilute sulphuric acid upon zinc which has previ- 
ously been platinised. The ordinary Kipp's apparatus may be 
conveniently used, and to guard against absorption of air by the 
acid the open bulb may be connected with a reservoir containing 
hydrogen confined over water. 

Hydrogen should not be passed through a solution of potassium 
permanganate; for although this reagent completely removes 
arsenuretted hydrogen, it gives rise to traces of oxygen in the gas. 

(6) Very pure hydrogen may be obtained by the action of 
caustic potash upon aluminium. The metal should, however, be 
free from carbon, which may be present to a certain extent in 
the metal, and give rise to the formation of hydrocarbons. 

(c) Metallic sodium has the property of absorbing hydrogen 
at a temperature a little above its melting point, and giving it up 
again at a higher temperature. If the metal is free from hydro- 
carbons the gas obtained in this manner is perfectly pure and free 
from moisture. 

Troost and Hautefuille (C r, 78, 809) have determined the 
dissociation pressures of sodium hydride at different temperatures. 
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The metal begins to absorb hydrogen at about 100°, and when 
saturated it appears that the product corresponds to the formula 
Na^H. 

The metal, which has been carefully freed from impurity, is 
placed in the upper part A of the apparatus shown in Fig. 49. The 
tube a is connected through a stopcock and a phosphorus pentoxide 
tube to a Kipp*s apparatus generating hydrogen, and the tube h 
to a mercury-pump and to the apparatus which is to receive the 
gas. After exhausting the apparatus, both A and B are warmed 
and gently tapped till the sodium flows down into the lower tube. 
The gas is now admitted, and absorption is allowed to proceed, 
the temperature of the lower vessel being maintained at about 
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ISC'. When the metal is saturated the stopcock on a is closed, 
and the temperature is raised. The gas may now be collected 
after allowing the first portion to escape. 

The sodium may be again saturated with 
hydrogen, and a second quantity of the pure 
gas so obtained. 

Small quantities of pure hydrogen may 
most conveniently be obtained by means of 
metallic palladium ; the metal is, however, 
very expensive. The quantity of hydrogen 
which 1 gram of palladium will absorb varies 
considerably with the state of the metal ; 
using palladium sheet, Morley found it to be 
0'0063 grams of hydrogen for every gram of 
the metal. Practically the whole of the 
hydrogen is evolved in vacuo at the ordinary 
temperature. 

The metal, either in strips or in the 
spongy condition (the pieces of sponge should 
be well hammered on an anvil to render 
them compact), is strongly heated in a blow- 
pipe flame or in a muffle-furnace. While still hot the metal is 
placed inside a tube fitted with a stopcock, which is then sealed 
at the other end, attached to a pump, and exhausted. The 
palladium is then charged with hydrogen by attaching the tube 
to a Kipp*s apparatus, and allowing the absorption to proceed 
for about an hour; a considerable amount of heat is generated 
during this process. 

In order to obtain the pure hydrogen the palladium tube is 
attached to a pump, syphon-delivery tube, or apparatus into which 
the gas is to be introduced. The tube is then gently warmed, 
and after allowing the first portion to escape, sufficient gas is 
collected, and the metal is allowed to cooL 

Oxygeriy O^, may be conveniently prepared by heating pure 
potassium permanganate. Since the gas is evolved at a very low 
temperature, the tube in which the permanganate is contained 
may be of soft glass, and may be sealed directly to the tube 
containing the purifying reagents. Traces of carbon dioxide 
may be present produced by the oxidation of dust, etc., in the 




Fig. 49. 



permanganate ; the gas may be purified by passage over solid 
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potash, and pentoxide of phosphorus. The one objection to this 
method is the difficulty of getting rid of the oxide of manganese 
which is carried, either in suspension or in the state of vapour, 
for a considerable distance through the tubes. 

Potassium chlorate should not be employed for the prepara- 
tion of pure oxygen unless special precautions are taken to purify 
the gas from traces of chlorine, hydrochloric acid, and ozone, 
which are invariably found in it. Morley (Smithsonian Institu- 
tion) passed the gas from potassium chlorate through a red-hot 
tube containing finely divided silver, and subsequently over a 
strong solution of caustic potash, over strong sulphuric acid, and 
through pentoxide of phosphorus (p. 131). 

Shenstone suggests the use of a mixture of equal weights of 
sodium and potassium chlorates, which has a much lower melting- 
point than either of these compounds by itself. 

Oxygen may become ozonised by passage through a Sprengel 
pump ; the quantity of gas which is converted into the active 

variety is, however, very small. 

Electrolysis of dilute sulphuric acid, — 
This method may be conveniently employed 
if a constant current of either of the gases 
is required for a considerable period ; it 
does not, however, conveniently serve for 
the preparation of small quantities of the 
gases in a state of purity. 

A form of apparatus which may be con- 
veniently employed is shown in Fig. 50. 
The two vertical tubes A and B, which 
contain the electrodes, are connected by 
the horizontal tube C. The tube C is 
divided by a disc of porous material, cut 
from a battery cell and cemented in posi- 
tion, in order to check the diffusion of 
liquid from A into B, and consequent con- 
tamination of the hydrogen by dissolved 
oxygen and vice versa. The electrodes are 
of sheet platinum rolled into a spiral and 
attached to stout copper leads which do not 
come into contact with the liquid. The 
leads are cemented through the upper ends of the vertical tubes, 
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which are luade narrow for the purpose ; the gases escape by the 
side-tubes a and h. The strength of the acid should be about 
1 in 6, the current should not exceed 0*1 ampere per sq. cm. of 
surface. The lower part of the apparatus should stand in a 
vessel through which cold water is circulated. 

In order to obtain a steady current of either of the gases the 
tube a is connected to a vertical tube passing to such a depth 
below the surface of the water in a vessel, that the pressure in A 
is equal to the pressure in B, and there is no flow of liquid across 
the diaphragm. The side-tube h is connected to a hard glass 
tube containing copper oxide to remove traces of hydrogen if 
oxygen is being collected, or metallic copper in the case of 
bydrogen. The gas has then only to be passed through drying 
reagents. The quantity of oxygen or hydrogen can easily be 
calculated, since it is knciwn that 1 ampere produces 0*372 garm 
of hydrogen in one hour. 

Electrolytic gas can be produced by means of an apparatus 
containing two electrodes in the same glass tube. 

FUwrine, F^, was obtained in 1886 by M. Moissan by the 
electrolysis of the compound HFKF dissolved in pure hydrofluoric 
acid in a platinum apparatus.^ Hydrofluoric acid, H^Fg, as it 
should be written, is itself practically non-conducting, and even in 
aqueous solution is slightly dissociated ; electrolysis of solutions of 
its salts results in the formation of hydrogen, oxygen, and ozone. 

On account of its chemical activity, all experiments on fluorine 
must be carried out in apparatus of platinum, of platinum-iridium, 
of fluor-spar, or of some substance which is at first attacked 
with formation of an insoluble layer of a fluoride. Recently M. 
Moissan has employed copper vessels in the preparation of 
fluorine; the platinum-iridium electrodes cannot, however, be 
dispensed with. It is particularly important, when working 
with copper vessels, that the hydrofluoric acid should be perfectly 
anhydrous. 

The latest form of M. Moissan's apparatus is shown in 
Fig. 51. The U-tube A which contains the hydrofluoric acid 
and potassium hydrogen fluoride is of copper or platinum, and 
has a capacity of about 40 cu. cm. The electrodes B, B' are 
rods of platinum-iridium attached at their lower ends to plates of 

^ A fuU account of his work on the subject has recently been published by him 
under the title Lefluor ct ses composes. 
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the metal bent into' cylindrical form. The rods pass through 
holes in cylinders of fluor-spar which exactly fit the top of the 
tube, gas-tight junctions being secured by washers of lead which 
are compressed between the screws at the top of the tube and 
'brass caps which fit over them. The gases, hydrogen and 
fluorine, produced by the electrolysis escape at the tubes C, C,' 
which can be connected by means of platinum screw-unions with 
any other piece of apparatiis. The U-tube is placed in a bath of 
methyl chloride (p. 247), supplied from the cylinder I), and boiling 



under reduced pressure at about — 50° C. ; a large vacuum-vessel 
(p. 207) would serve convenieutly to hold this liquid. 

To prepare fluorine, about 200 grs, of anhydi-ous hydro- 
fluoric acid, and 50 grs. of acid potassium fluoride are placed iu 
the apparatus, one of the fluor-spar plugs being removed for the 
purpose. For the electrolysis a current of 15 amperes at 50 
volts is employed, and about five litres of fluorine is liberated 
per hour ; with stronger currents it is found that the heat 
generated cannot be removed with sufficient rapidity. 

To remove traces of hydrofluoric acid from the fluorine the 
gas is led through a coil into a platinum vessel E, which is 
also immersed in a bath of methyl cldoride, and subsequently 
through two drying tubes P, F' containing pieces of fused sodium 
fluoride. 
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The hydrogen is led away to a distance through tubes which 
terminate in an apparatus tilled with calcium chloride. 

Preparation of jpure hydrofluoric acid, and acid pota^ssium 
fluoride, — Pure commercial hydrofluoric acid is taken and partially 
neutralised (about one-quarter) with potassium carbonate. The 
product when distilled in a platinum retort, heated to 120° C. in 
an oil-bath, yields an acid free from fluosilicic acid, which is 
usually present in considerable quantity in the commercial acid. 
The distillate is divided into two portions, and after neutralising 
one portion with potassium carbonate, the two are mixed, and the 
solution of acid potassium fluoride so obtained is evaporated to 
dryness on a water-bath. To remove the last traces of moisture 
the platinum basin containing the salt is allowed to remain for a 
fortnight in a vacuum-desiccator containing sulphuric acid and 
some sticks of caustic potash; both the acid and potash are 
changed daily, and the salt is from time to time crushed in an 
iron mortar. 

The dry salt when heated in a platinum retort decomposes, 
yielding the anhydrous acid (which boils at 19 '5°, and must be 
condensed in a freezing mixture) and potassium fluoride. The 
first portion of the distillate, which contains traces of water, may 
be rejected. 

Chlorine, Cl^. — Large quantities of chlorine are most con- 
veniently prepared by treating manganese dioxide with pure 
hydrochloric acid. The manganese dioxide should have been 
powdered, boiled with strong nitric acid to eliminate carbonates, 
and thoroughly washed and dried. The gas may be purified by 
passage through anhydrous copper sulphate and pentoxide of 
phosphorus, which must be quite free from lower oxides (see 
p. 41). All the connections throughout the apparatus should be 
of glass ; no rubber or cork stoppers should be used. If the gas 
is to be storeci, strong sulphuric acid may be used in the gas- 
holder. 

Pure chlorine may be obtained by fractional distillation of 
the impure gas. Liquid chlorine, which is sold in cylinders, 
contains little impurity. A small quantity of chlorine can be 
introduced into a vacuum-tube or other piece of apparatus in the 
following manner. A bulb containing pure gold chloride, AuCl^, 
is attached to the apparatus in such a manner that it can be 
sealed off with a blowpipe flame when the apparatus is exhausted. 
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After exhaustion the apparatus is shut off from the pump and 
the bulb is warmed. Pure chlorine enters the apparatus, but on 
standing it is very slowly reabsorbed by the gold. 

This method may be employed in order to obtain a definite 
quantity of chlorine. 

Nitrogen, N^, is perhaps in actual practice one of the most 
difficult gases to prepare in a high state of purity. The 
jesearches of Lord Eayleigh on the density of that gas, and the 
subsequent investigation carried out in conjunction with Professor 
Ramsay, have proved that atmospheric air contains an elemtot, 
argon, of density approaching 20. 

The chief difficulty in connection with the preparation of 
pure nitrogen lies in the removal of the nitric oxide which is 
produced in small quantity by most of the reactions in which 
nitrogen is tlie chief product. Nitric oxide is an extremely 
stable compound, and can only be eliminated by passing the gas 
through a tube containing metallic iron or copper, heated to 
a redness. The use of iron is to be avoided, since a trace of 
moisture entering the tube gives rise to the production of 
hydrogen. 

Lord Eayleigh's results show that nitrogen, practically 
free from nitric oxide, can be prepared by heating a solution 
of ammonium chloride and potassium nitrite on a water -bath, 
passing the gas through a tube containing red-hot copper, and 
subsequently through caustic potash, sulphuric acid, and pentoxide 
of phosphorus. 

If the presence of argon does not materially affect the result, 
and it is merely required to prepare a quantity of nitrogen in 
order to carry out some process which it is necessary to conduct in 
an atmosphere of inert gas, the following method may be applied. 
Atmospheric air is drawn slowly through a solution of strong 
ammonia, contained in a wash-bottle, through a tube containing 
metallic copper heated to a red heat, and finally through a vessel 
containing strong sulphuric acid to remove moisture and excess of 
ammonia. The voUime of the nitrogen obtained by this process 
is nearly equivalent to the quantity of air used. 

It may be as well to state here, by way of warning, that 
metals generally are not nearly so inactive with regard to 
nitrogen as they were formerly supposed to be. Most metals 
appear to combine slowly with nitrogen, forming nitrides. 
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Atmospheric nitrogen for use ia pressure gauges, etc. (pp. 
164, 230) may be obtained by passing air through a tube 
containing copper, and subsequently through caustic potash, etc. 

Carbo7i dioxide, COg. — (a) The liquid which is sold in steel 
cylinders usually contains as an impurity only dissolved air, 
which escapes with the first portions of the gas, and water. 

(h) The gas may be obtained pure by heating pure dry sodium 
bicarbonate in a horizontal tube. If the tube is not previously 
exhausted the heating should be commenced at the extreme end, 
otherwise the air in the tube will not be swept out by the current 
of gas, but will only escape slowly by diffusion. 

(c) A steady current of carbon dioxide may be obtained by 
heating a mixture of one part of sodium carbonate with three 
parts of potassium bichromate in a wide hard glass tube. The 
tube should be only partially filled with the mixture, and should 
be so inclined that the fused mass does not run down into the 
open end of the tube. This method has the advantage that no 
water is produced during the reaction, as in the last case. 

{d) Carbon dioxide may be obtained by heating carbonate of 
magnesium, but in no case should carbonate of manganese be 
employed. At the temperature at which the decomposition takes 
place the manganous oxide is capable of reducing the carbpn 
dioxide and water vapour, and producing carbon monoxide and 
hydrogen. Moderately pure carbon dioxide may be obtained by 
the action of hydrochloric acid upon marble. Both the acid 
and the marble may, however, constitute sources of impurity. 

Carbon monoxide y CO. — (a) Concentrated sulphuric acid is 
heated in a small flask, and small quantities of formic acid, 
previously boiled to expel air, are run in through a tap funnel. 

(h) The gas may also be obtained by heating a mixture con- 
taining 50 grams of sodium formate, 300 grams of sulphuric 
acid, and 150 grams of water. 

(c) By heating a mixture of 100 grams of crystallised oxalic 
acid with 500 grams of concentrated sulphuric acid, carbon mon- 
oxide is produced, together with an equal volume of carbon dioxide. 
The carbon dioxide can easily be removed by passing the gas 
through a strong solution of caustic potash. 

(d) By heating a mixture of 80 grams of pure recrystallised 
potassium ferrocyanide with 360 grams of concentrated sulphuric 
acid, a steady stream of carbon monoxide is produced. The 

E 



50 EXPERIMENTAL STUDY OF GASES chap. 



reaction may be stopped by cooling the flask, and started again 
by the application of heat. 

(e) Pure potassium cyanide may be used instead of the 
ferrocyanide. 

The gas should in each case be purified by passage over solid 
caustic potash, strong sulphuric acid, and pentoxide of phosphorus. 
Dixon states that it is extremely difficult to remove the last traces 
of moisture from .the gas. Lord Eayleigh determined the densities 
of samples of gas obtained by methods 6, c, and d, and obtained 
very concordant results {Proc, Roy, Soc, December 9, 1897). 

Nitrous oxide, NgO. — By heating ammonium nitrate to a 
temperature not above 258°, The salt begins to decompose at 
about 170° into water and nitrous oxide. At high temperatures 
nitric oxide is produced. The gas must be passed over potash, and 
subsequently over sulphuric acid and pentoxide of phosphorus. 

Lord Eayleigh obtained pure nitrous oxide for the determina- 
tion of its density in the following manner. An iron bottle con- 
taining liquid nitrous oxide was placed in a freezing mixture, and 
half the liquid was allowed to evaporate. The remaining nitrous 
oxide was considered to be free from dissolved nitrogen. 

Nitric oxide, NO. — Dilute nitric acid {s,g, I'l), which has 
previously been boiled, is run into a flask (Fig. 41) which is con- 
nected with tubes containing strong potash solution, solid potash, 
strong sulphuric acid, and pentoxide of phosphorus. The whole 
apparatus must be thoroughly exhausted before the introduction 
of the acid. A strong solution of sulphur dioxide, obtained by 
passing the gas from a syphon into boiled water, is run into the 
flask in small quantities, and the mixture is warmed if necessary. 
It is somewhat difficult to separate traces of the higher oxides, 
even by fractional distillation. 

Ammonia. — Pure ammonia may be obtained by heating a 
mixture of pure ammonium chloride and lime. The gas may be 
dried by passing it through a long tube containing freshly prepared 
barium oxide. 

The ammonium chloride should not be obtained from any 
organic source. The salt from gas liquor invariably contains 
traces of hydrochlorides of organic bases from which it cannot be 
freed. The so-called volcanic ammonia, when genuine, is pure ; 
ammonium chloride can also be obtained free from impurity by 
passing the ammonia, produced by the action of water on magnesium 
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nitride, into dilute hydrochloric acid. The latter method does not, 
however, serve for the preparation of the pure gas, as some of the 
ammonia is invariably decomposed by the local heating of the 
nitride in contact with water, and the gas is found to contain 
both free nitrogen and hydrogen. It can, however, be easily 
separated from these gases by fractional distillation. 

Phosphoretted hydrogen, PH^. — The gas cannot be obtained 
pure by the action of alkali on phosphorus, since traces of 
hydrogen are produced by the decomposition of the hypophosphite 
which is a product of the reaction. Hydrogen is also produced 
by the interaction of phosphides with water. 

The gas is most conveniently obtained from the dichloride of 
cuproso-diphosphonium (Ribau, C. r., 110, 240, 510), which is 
obtained by passing phosphoretted hydrogen into a solution of 
cuprous chloride in hydrochloric acid. The compound can be 
separated in colourless needles. The saturated solution gives 
nearly eighty times its volume of phosphoretted hydrogen on 
heating. The gas may be purified by passage over potash and 
pentoxide of phosphorus. 

Impure phosphoretted hydrogen could easily be purified by 
fractional distillation. 

Hydrochloric acid, HCl. — By the action of strong sulphuric 
acid upon fused sodium chloride, or preferably upon ammonium 
chlorida The salt is placed in a flask (Fig. 41), and the acid is 
introduced through the tap -funnel, the stopcock of which is 
lubricated with metaphosphoric acid. The gas must be dried by 
passage through sulphuric acid, and subsequently through a 
considerable length of tube containing pentoxide of phosphorus. 

Hydrohromic acid, HBr. — It is easy to prepare pure hydro- 
bromic acid by allowing the aqueous solution of the gas to drop 
alowly into a flask containing pentoxide of phosphorus. The gas 
is subsequently allowed to flow through tubes containing the same 
substance. Care must be taken that the liquid does not come 
too rapidly in contact with pentoxide, or some of the gas will be 
decomposed owing to the heat developed during the reaction. 

ffydriodic add, HI. — Pure hydrogen iodide may be obtained 
in the following manner (Bannow, B,, 1874, 1498). A solution of 
10 parts of iodine in 5 parts of an aqueous solution of hydriodic 
acid is allowed to drop into a flask containing 1 part of red 
phosphorus. The gas is first passed through a tube containing 
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red phosphorus. A certain quantity of phosphonium iodide is 
formed; and must be got rid of by passing the gas through a 
cooled spiral. The gas is then passed through a tube containing 
calcium iodide, and finally dried by passage through pentoxide of 
phosphorus. The gas is easily decomposed by the action of heat 
or light. 

This gas might well be purified by fractional distillation. 

Sulphur dioxide, SOg. — The liquid sulphur dioxide obtained 
in glass syphons is of a high degree of purity. After rejecting 
the first portion, a stream of the gas from a vessel containing 
the liquid may be passed through tubes containing pentoxide 
of phosphorus directly into the vessel in which it is to be 
collected. 

Sidphuretted hydrogen, H^S. — The pure gas may be obtained 
by the action of magnesium chloride upon calcium sulphide in 
the presence of water (Hebermann, Ch, J,, 13, 314). The water 
should be allowed to drop slowly on the solids which are 
powdered and mixed together. Moist sulphuretted hydrogen 
must not be brought into contact with mercury. 

The gas can be condensed in a bulb cooled by solid carbonic 
acid and ether, and distilled. 

Ethane, CgH^. — Murray {Jour. Chem. Soc, 1892, 61, 10) has 
carefully investigated the conditions which are most favourable 
to the production of ethane by the electrolysis of potassium 
acetate. The decomposition takes place according to the 
equation — 

2CH3COOKAq = CgHg + COg + KaCOgAq + H^. 

Ethane and carbon dioxide are liberated at the anode. 

A concentrated solution of the salt, about 60 per cent, should 
be used, with a current of 1 5 amperes ; the surface of the anode 
should be about 150 sq. cm; Since the yield of ethane de- 
creases considerably with rise of temperature, the apparatus 
must be kept cool during the experiment. An apparatus 
similar to that employed for the electrolysis of dilute sulphuric 
acid might be conveniently used. 

The gas when first generated always contains, besides carbon 
dioxide, traces of oxygen, ethylene, and vapour of methyl acetate. 
Kuenen (Phil. Mag., 1895, 40, 177) found that the impurities 
could be most conveniently removed in the following manner. 
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The gas was first passed through fuming sulphuric acid iuto a 
large gasholder containing soda solution. It then passed through 
tubes containing fuming sulphuric acid, solid potash, and pen- 
toxide of phosphorus to a compression apparatus, by means of 
which it was liquified. The liquid was then cooled with solid 
carbonic acid, and allowed to boil in order to expel the permanent 
gases. The middle fraction consisted of perfectly pure ethane, 
the higher boiling impurities remaining on the apparatus. 

Ethylene, C^H^, cannot be obtained sufficiently pure for the 
determination of physical constants by the action of sulphuric 
acid upon alcohol. Sulphur dioxide, carbon dioxide, and mon- 
oxide are always among the products of this reaction. The gas 
can easily be obtained pure by liquefaction and subsequent 
fractional distillation of the liquid (p. 2 1 1 ). 

Acetylene, C^H^. — Pure acetylene can only be obtained by 
liquefying and distilling the gas generated by the action of water 
on calcium carbide. The gas always contains hydrogen from 
free calcium, siliuretted hydrogen from calcium silicide, phospho- 
retted hydrogen from calcium phosphide, and aldehyde vapour 
produced by the condensation of acetylene with water, a reaction 
which takes place more rapidly in presence of acids. The gas 
may be freed from phosphoretted hydrogen by passing it through 
a solution of silver nitrate. 

Liquid acetylene can be purchased in cylinders on the 
Continent. 

Methane. — From sodium acetate (1 part) and barium oxide 
(4 parts). The mixture must not be heated too strongly. The 
gas is purified by passage through caustic soda and strong 
sulphuric acid. 

By the action of zinc-methyl on water. The gas is purified 
by passage through water, caustic soda, and strong sulphuric acid. 
In order to avoid risk of contamination by introduction of higher 
hydrocarbons, the zinc-methyl must be prepared by the action of 
the zinc-copper couple on pure methyl iodide. 

Silicon tctrafiucride, SiF^, can easily be obtained by heating 
a mixture of silica and sodium fluoride with strong sulphuric 
acid ; the silica should be present in excess. The apparatus 
should be quite dry, and the gas should not be allowed to enter 
the pump. 

Methyl cMoride, CH,^C1, can be purchased on the Continent, 



54 EXPERIMENTAL STUDY OF GASES chap. 

but ia somewhat difficult to obtain in England. It boils at 
— 24' C, and is much used as a refrigerant. 

Ozone, Og.— Although it is impossible to obtain ozone free 
from oxygen, it is convenient to include in this chapter a 
description of the methods employed in manipulat- 
ing it. A mixture of ozone and oxygen may 
be obtained by subjecting pure oxygen to the in- 
fluence of the silent dischai'ge. Nitrogen must be 
absent, since the conditions which favour the pro- 
duction of ozone lead also to the formation of 
oxides of nitrogen. The gas must not be brought 
into contact either with rubber or with mercury, 
both of which are attacked by ozone. The gas 
does not, however, act upon paraffin, and stopcocks 
may be lubricated with metaphosphoric acid. 
_ ,„ ^''^ quantity of ozone, that is to say the 

percentage of ozone in the mixture, varies with 
the nature of the discharge, with the temperature, and with 
the quantity of moisture present in the gas. The following 
are the more important points to be kept in mind in designing 
the apparatus : — 

(i) The ozoniser must be kept cool. 

(ii) The ozoniser must be made of thin glass of uniform 
thickness. 

(iii) The two surfaces between which the discharge is passed, 
should be aa close together as possible (Shenstone and Priest, 
Ckem. Soc. Jout., 1893, 63, 952). 

A modified form of the apparatus originally designed by 
Erodie may be made to fulfil these conditions (Fig. 52). The 
body of the apparatus, which is similar in construction to the 
vacuum-vessels used to contain liquid air, consists of two con- 
centric cylinders closed at their lower ends and sealed together. 
Two tubes are sealed into the outer cylinder, and 3er\'e as leads 
for the gas. The apparatus is partially immersed in a deep 
vessel of water ; the discharge is passed through the gas con- 
tained in the space between the two cylindei-s by immersing the 
ends of the secondary leads from a coil in the water in the 
jacketing vessel, and in that in the inner cylinder. 

For the production of ozone in large quantity the Andreoli 
ozoniser appears to be the most efficient It consists of a number 
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of flat rings of pewter toothed on the inside, and connected 
longitudinally by strips of metal to form a cage. The cage fits 
over an exhausted glass cylinder, with a long electrode sealed 
into it, so closely that the points touch the glass everywhere. 
The leads from the coil are connected with the cage and with 
the electrode of the vacuum-tube, and the whole apparatus is 
placed inside the vessel in which the ozone is to be produced. 
The exhausted tube may be replaced by one through which 
a current of water circulates, so that the ozone is actually 
produced in contact with a cooled surface. 

With regard to the nature of the discharge, Shenstone and 
Priest state that the difference of potential should not be too 
great, and that the interruptions should not exceed one thousand 
per minute. It appears, however, that the intensity of the discharge 
should bear some relation to the rate of flow of the gas, and that 
for a rapid current a high potential may be used with advantage ; 
in the latter case a large coil should be employed (see also p. 
241). 



CHAPTEK VI 



READING INSTRUMENTS 



General remarks — The mirror scale — The reading telescope and cathetometer — 
Illumination of scales — (traduation of tubes and scales — Capillarity — Capillary 
depression of mercury — Sticktion — Adjustment of the level of mercuiy. 

Nearly all the measurements witli which we are concerned in 
dealing with gases, consist in the determination of the position 
of the surface of the liquid in the vessel in which tlie gas is 
confined. 

The readings are taken either with regard to a fixed point, 
to graduations on the outer surface of the glass, or to a scale 
placed close to it Since the surface of the liquid is invariably 
curved, the reading usually involves the determination of the 
position of the middle point of the curved surface, with regard to 
a scale which is distant from it by at least the radius of the 
tube, and unless the eye of the observer is exactly on a level 
with the surface of the liquid, the accuracy of the observation 
will be seriously affected. 

The mirro?' scale (Jolly). — In reading barometers, mano- 
meters, etc., it is usual to. employ a glass scale ruled in milli- 
metres. The scale is etched on the surface of a strip of glass 
about 5 mm. in thickness, which is then silvered on the second 
surface. When the eye is placed somewhat above the level of 
the surface of the liquid, the image of the meniscus is seen 
refliected in the mirror slightly above the true surface, and the 
divisions of the scale do not appear to coincide with their 
reflected images. In taking a reading, the eye must be brought 
down exactly to the level of the surface of the liquid, when, if 
the scale is perpendicular, the meniscus and divisions of the scale 
will exactly coincide with their reflected images. To facilitate 
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reading, a piece of white paper should be held on one side of the 
scale, and a lens of low magnifying power should be used. A 
lantern covered with parchment paper may be used for taking 
readings at night. 

It has been suggested that inaccuracy in the observations 
may result from irregularities in the glass surfaces about the 
edges of the lines ruled on the glass surface. The error would 
be very small in any case, and would entirely disappear if the 
scales were so placed that the ruled lines only extended half-way 
across the field. The total error might, however, in this case be 
still greater, as small irregularities are more likely to occur at 
the end than in the middle of the lines. In any case the lines 
should be made as fine as possible. 

Scales etched* upon glass, and illuminated from behind, are 
more convenient for use with a telescope or cathetometer (p. 
58). 

The reading telescope is usually employed in making accurate 
observations of pressure, volume, etc. The telescope consists of 
a combination of an object lens and a negative eyepiece containing 
a spider line or cross-wire. A pair of convex lenses is often 
introduced into the system to act as a rectigraph. A level is 
attached to the top of the telescope. 

The telescope, which is mounted on a stand resting on three 
levelling -screws, should be capable both of vertical and of horizontal 
motion. In its simplest form it is carried on a mount, which 
slides on the vertical rod which forms the stand, and which can 
be clamped in any position. The mount may be so constructed 
that the telescope may be rotated about the vertical axis, and a 
screw arrangement for adjusting the telescope in the vertical 
position may be added. The latter, however, unless very well 
constructed, will prove worse than useless. 

A telescope of this description may be used in reading the 
position of the surface of the liquid in a glass vessel, with regard 
to the graduations on its outer surface, or to a scale placed either 
behind it, or so close to it, that both the surface of the liquid 
and the scale are in the field at once. The telescope is placed 
at such a distance from the apparatus, that both points of observa- 
tion are in focus at the same time, the cross-wire is adjusted to 
the surface of the liquid, and its position with regard to the scale 
is determined. It is not advisable to employ a cathetometer, 
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an iustmment in wliich the scale is attached to the telescope. 

Id making observations of this kind. Unless the instrument 

is very well constructed, and is made 

r~^ very heavy and rigid, considerable errors 

n^ \ may be introduced. 

Sometimes the scale cannot be placed 

so close to the instrument, that the 

cross-wire of the telescope can cover 

both the surface of the liquid and the 

graduations at the same time. In this 

case the telescope must be so arranged 

that it can be turned horizontally so as 

to cover each of the objects in turn 

without vertical devia'tion. In order to 

secure this object, the telescope stand 

may be so constructed, that the whole 

of the pillar on which the telescope 

moves may be made to turn about its 

vertical axis (Fig. 53). The setting 

of the instrument may be tested by 

—J. y.^ observing the height of the liquid 

i-j"^^ _ nJ (mercury, or water) in three vertical glass 

tubes connected to a common reservoir, 

and placed on the circumference of a circle, in the centre of 

which the telescope is placed. Lord Kayleigh has described n 

reading telescope in which the vertical support is pivoted between 

fixed plates on the floor and ceiling of the laboratory. 

If an accurately constructed telescope is not available, errors 
may be eliminated by reading from two scales placed one on 
either side of the apparatus. 

Ilhnnination of scales, etc. — In a series of measurements in- 
volving the determination of the height of a column of mercurj" 
by means of a scale and telescope, it is necessary to take the 
precaution that light always comes from the same position with 
r^ard to the surface of the mercurj-. The top pf the meniscus 
may appear a few tenths of a millimetre higher or lower according 
as the light comes from a window at the side, or from a lamp 
placed behind the instrument. This difficulty may be overcome 
by using only diffused light. A piece of ground glass or parch- 
ment paper placed behind the instrument and illuminated either 
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by daylight, or by a flame placed at some distance from it, has 
been found to give very good results. In an investigation in 
which it was necessary to use a glass scale about one metre in 
length, the b«wk of the scale was covered with a strip of ground 
glass, and an electric lamp, which could be adjusted to the height 
of the mercury column, was used as the source of light A strip 
of silvered glass placed at an angle behind the instrument has 
been sometimes used with satisfactory results. 

Graduation of scales, etc, — The dividing engine is, of course, 
the most efficient and accurate instrument by which a scale may 
be ruled on metal or glass. The gear, which is carried on a 
traveller, is moved by means of a screw of very regular pitch 
attached to a divided head. The lei^th of the lines is usually 
regulated mechanically, so that every fifth line may be made 
longer than the others. The instrument must be kept at constant 
temperature during the ruling of a scale. 

Since the dividing engine is a very expensive and delicate 
instrument, it is not found in every laboratory ; it will be well, 
therefore, to describe one or two simple methods for dividing 
scales on glass. 

Scales may be ruled on glass by means of a diamond, or 
etched with hydrofluoric acid. The first method gives the finer 
lines, but unless the glass is thick it is liable to crack along one 
of the divisions. The second method is most usually employed ; 
the glass is first warmed, and then coated with a thin even layer of 
yellow hees-^oax or some substance of a similar consistency. The 
scale is then ruled and figured, and a piece of cotton wool soaked in 
concentrated hydrofluoric acid is passed several times lightly over 
the surface. The excess of acid is removed by washing with 
water ; the scale is then warmed, and the wax is removed. The 
graduations may be made more distinct by rubbing a little red 
lead mixed with shellac varnish into them, and removing the 
excess with a rag. 

Short scales may be conveniently ruled in the following 
manner. A steel rule about 4 cm. wide is divided into milli- 
metres along both edges of the same surface so that the divisions 
correspond. The rule is fixed on a board so that its surface 
lies a little above the surface to be ruled. The plate, or instru- 
ment which is to be divided, can be fixed in position by means 
of a little pitch. The traveller is shown in Fig. 54. It consists 
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Fig. 54. 



of a triangular plate of brass, along one edge of which is fixed 
a narrow projecting strip which serves as a guide. At right. 

angles to this strip, two pointed 
screws pass down through the 
plate, so that when the strip 
is pressed against the edge of 
the rule, the screw points fall 
into corresponding divisions of 
the scales. The plate carries an 
upright which serves to direct 
the ruling needle, which is carried 
on a strip of brass held against 
the face of the upright by means 
of an adjustable screw working 
in a vertical slot. The upright 
is so placed that when the needle 
is vertical it lies at about 2 cm. from the edge of the rule. A 
small knob projecting from the strip which carries the needle 
serves as a handle. 

In using the instrument, the plate or tube to be divided is 
placed in position, the position of the traveller is regulated by 
the left hand, and the needle is drawn across the surface which is 
being ruled so as to cut through the wax. In order to regulate 
the length of the lines the surface may be marked longitudinally 
with Indian ink before the wax is applied. 

It is not easy to rule scales of any length by means of this 
instrument on account of the expansion of the steel scale. If a 
long scale is used it should be fixed to the board at one end only, 
and the work should be conducted so as to employ a section of it 
as near to this end as possible. 

Ostwald describes a convenient method of dividing short scales 
in his Physico- Chemical Measurements. 

. Capillarity. — In measuring the pressure on a gas confined in 
a tube of small internal diameter, or in determining the true 
difference of level between the liquid in two tubes of different 
diameters, it is necessary to make a correction for capillarity. 

In the case of a liquid which wets the glass this becomes 
merelv a matter of calculation for tubes of small diameter. Where 
p is the density of the liquid, 7 its surface tension, h the height 
to which it rises in the tube, and r the radius of the tube : — 
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y.= 2-'- 



Tlie value of h must in such cases be subtracted from the apparent 
height of tlie liquid in the tube. 

In the case of liquids such as mercurj', which do not wet the 
glass, h has a negative value, and it is found that it is practically 
impossible to calculate its value with any exactitude. The cor- 
rection to be applied can either be determined directly, or can be 
worked out from tables ; the first method is 
preferable where it is possible. 

In the case of tlie simple gas burette (p. 
67), the pressure on the gas is determined 
by means of a small side-tube inside tlie water- 
jacket. When both surfaces are exposed to 
atmospheric pressure, the surface of the mercury 
in the small tube lies abuut 1 mm. below the 
surface of the mercury in the large tube. This 
difference may be directly determined by means 
of a telescope and a scale placed behind tlie 
instrument, or the radius of the tube may be de- 
termined, and the correction calculateil from a table of experiment- 
ally determined values for the capillary depression of mercury : — 

Capillary depression on tube of radius R =.c mm. 

Difference in correction to be applied =x- y. 

The following table of corrections, involving the height of the 
meniscus, which is a variable, is given by F. Kohlrausch ; — 
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Stockli (Wied. Ann., 1898, 516) has observed that when a 
gas is allowed to enter a vessel containing mercury the surface 
tension is temporarily increased, but regains its normal value after 
some minutes. The phenomenon is attributed to a static electrical 
effect connected with the condensation of the gas on the surface 
of the mercury. The correction for capillarity appears in any 
case to be of such an uncertain nature that it should, when 
possible, be eliminated. 

Sticktion. — In experiments involving the use of tubes of smadl 
diameter containing mercury a difficulty is experienced to which 
the term sticktion has been applied. Its exact nature has not 
been explained, but appears to be due to a tendency of the mercury 
to wet or adhere to the glass. 

If a vertical capillary tube is connected by a piece of rubber 
tube to a reservoir containing mercury, which is slowly raised, the 
mercury will rise in the capillary tube in a series of jerks. 
Further, if the reservoir is brought to rest, and the capillary tube 
is tapped with the finger, the mercury will not always come to 
rest in exactly the same position. The phenomenon becomes more 
marked if the glass is not quite clean. 

In tubes of larger diameter the mercury^ appears to adhere to 
the walls at the edges of the meniscus. If the glass is perfectly 
clean this only occurs so far as to alter the form of the meniscus 
when the mercury is rising or falling, an effect which may be 
attributed to friction alone. In order to obtain concordant results, 
observations in the same series of experiments should be taken 
either after raising, or after lowering the mercury to the fiducial 
point as may be found most convenient. If the reading is to be 
taken with regard to a scale after the mercury has been brought 
to rest, the tube may be tapped. Continuous tapping by means 
of the hammer of an electric bell has been found to answer 
successfully. 

In some recent experiments on the rate of diffusion of gases, 
it was necessary to measure the rate of fall of a column of mercury 
from one fixed point to another. It was foimd that by introduc- 
ing a drop of strong sulphuric acid or glycerol into the tube the 
efifect of sticktion was entirely eliminated. 

In order to bring the level of the mercury in a burette to a 
fixed point, the height of the reservoir may be adjusted by means 
of a cord passing over a pulley or by placing it on an adjustable 
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clamp. The final adjustment may be made (Fig. 56) by means 

of a closed glass tube which, passing fairly loosely through a cork 

in the mouth of the reservoir, may be forced 

down into the mercury. The burette is 

sometimes connected with the reservoir 

through a tap. The reservoir is first raised 

till the mercury lies a little below the mark, 

the tap is then closed, and 

the final adjustment is made 

by compressing the rubber 

tube with a broad wooden 

clamp attached to the table. 
A screw plunger (Fig. 57) 

has been used by Baly and 

Kamsay in connection with 

the M'Leod gauge. A 

cylindrical iron block c was 

cemented into the upper and wider portion of the 
I d] V glass apparatus d. The plunger a was screwed 
\ // [i2 through the block, and the small screw h passed 

through the larger plunger, and served as a fine 

adjustment. It was found that if the screws 

were well greased considerable pressure in the 

vessel d was required to force the mercury 

between the threads of the screws. The pre- 
liminary adjustment of the mercury in the gauge was made by 
means of an ordinary reservoir and rubber tube, which was con- 
nected to the apparatus through a tap. The tap was subsequently 
closed, and the final adjustment was made by means of the screws 
alone. 





Fio. 56. 



Fig. 57. 



CHAPTEE VII 

MEASUREMENT OF VOLUME 
Measurement of the volume of gases — Gas analysis. 

In measuring the volume of a gas, it is of course necessary to 
take into consideration its temperature and the pressure under 
which it is confined. For the purposes of gas analysis it is 
possible, however, to neglect the variations from the laws of Boyle 
and Gay-Lussac, since they lie outside the limit of accuracy of 
most of the processes involved, and to assume that the equation 

T T 

holds good in its simplest form. 

The law of mixtures can also be assumed within the same 
limits. 

A special case, which occurs in most of the processes in gas 
analysis, consists in the application of the correction for the 
pressure of water-vapour in a gas. Most of these processes 
consist in treating a gaseous mixture with aqueous solutions of 
different reagents in order to absorb particular constituents. 
The gas becomes saturated with water -vapour at the surface 
of the solution, and as this is a function both of its nature and 
its concentration, it is practically impossible to calculate the 
quantity of water in the gas, and so determine the volume of dry 
gas which is present. If the gas is to be measured dry, it may 
be drawn through a tube containing pentoxide of phosphorus 
attached to the pump, and measured in a dry burette. In order 
to eliminate the source of error due to partial saturation, the gas 
should be brought into contact with pure water at the tempera- 
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ture at which it is measured, by introducing a few drops of pure 
water into the measuring burette. 

It is unlikely, except in a perfectly clean and dust-free vessel, 
that a gas would long remain supersaturated. 

The vapour pressure of water may be determined from the 
following table : — 

Vapouh Pressures of Water (see also p. 238) 



Temperature. 


Pressure. 


8- 


8-017 mm. 


9- 


8-674 „ 


10- 


9-165 ,, 


11- 


9-792 ,, 


12- 


10-457 „ 


13- 


11-162 „ 


14- 


11-908 „ 


16- 


1 2-699 ., 


16- 


13-536 „ 



Temperature. 


Pressure. 


17- 


14-421 mm. 


18- 


15-357 „ 


19- 


16-346 ., 


20- 


17-391 „ 


21- 


18-495 „ 


22- 


19-669 „ 


23- 


20-888 „ 


24- 


22-184 „ 


25- 


23-550 „ 



If it is necessary to measure the gas in contact with a solu- 
tion, the correction to be applied will, of course, be less than for 
pure water at a corresponding temperature. The vapour pressures 
of aqueous solutions of the commoner acids, alkalis, and salts have 
been determined by Bunsen and others. Tables will be found in 
Karl von Bucher's Physikalisch-cheinische Tabellen, 

When a gas is measured at a fairly high temperature in a 
vessel containing mercury, the vapour pressure of mercury must 
also be considered. The following figures have been taken from 
the determinations of Ramsay and Young : — 



Vapour Pressures of Mercury 



Temperature. 


Pressure. 


Temperature. 


Pressure. 


40- 


0-008 


mm. 


200- 


17-02 mm 


60- 


•016 


j> 


220- 


31-96 „ 


60- 


•029 


n 


270- 


123-9 „ 


70- 


•062 


>» 


280- 


157-4 „ 


80- 


•093 


11 


290- 


198-0 „ 


90- 


•160 


« 


300- 


246-8 „ 


100- 


•270 


j» 


310- 


304-8 „ 


120- 


•719 


1* 


320- 


373-7 „ 


140- 


1-763 


>i 


330- 


454-4 ,. 


160- 


4013 


»' 


340- 


648-6 „ 


180- 


8-636 


»> 


360- 


658-0 „ 



Mercury boils at 357" {Crafts, P. A. [2], Beibl. 7, 183). 

F 
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Id order to account for the chemical changes which gases 
undergo it is necessary to assume Avogadro's hypothesis. The 
assumption is justified within the limits of ordinary analysis. In 
the case of the volumes of oxygen and hydrogen in electrolytic gas, 
the error is only about one part in a thousand (see p. 135) if proper 
precautions are taken. 

After measuring the gas and applying the corrections for 
temperature and pressure, its weight may be found by multiply- 
ing by the weight of unit volume (p. 117). In this case it is 
necessary to determine the absolute volume of the gas (see p. 11 9). . 
In order to determine the percentage composition of a gas it is 
only necessary to know the relative volumes of its constituents. 

The volume which a quantity of gas occupies under standard 
conditions may be determined by one of two methods, which for 

ordinary purposes may be considered as 

identical : — 

(i) By measuring its volume in a graduated 
instrument under known conditions of tempera- 
ture and pressure. 

(ii) By measuring the pressure which it 
exerts when expanded or compressed to fill a 
known volume under known conditions of 
temperature. 

The constant pressure method (i) will be 
coneidered first, for although it is the less 
accurate, the apparatus employed and methods 
of manipulation are simpler. 

A very simple and convenient form of gas 
burette is shown in Fig. 58. The apparatus 
consists of a syphon gas-pipette with a two- 
way stopcock, graduated in cubic centimetres 
from a mark on the millimetre bore tube near 
the tap. Two platinum wires are sealed 
through the glass as near to the top as pos- 
sible. This, of course, makes ifc quite im- 
possible to measure very small quantities of 
gas accurately, but when rough analyses only 
are required it is convenient to be able to carry 
out the whole operation with one piece of apparatus. The 
reservoir is cylindrical, and of the same diameter as the burette. 
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A much mpre accurate I'orai of the apparatus is shown in the 
next figure. The burette is of 
the same form, but a tube of 
about 7 mm. diameter, connected 
with it at its lower end, and 
terminating in a stopcock, 
renders it possible to determine 
the pi'essure on the gas with 
greater accuracy. Both the 
burette and side-tube are en- 
closed in an outer jacket through 
which water is constantly circu- 
lated, and although the difTerence 
in the size of the two tubes 
renders it necessary to apply a ' 
correction for capillarity, the 
readings are more easily taken, 
and the error due to the differ- 
ence of temperature between the 
mercury inside and outside the 
water-jacket is practically elimi- 
nated. The temperature is 
determined by means of a 
thermometer placed inside the 
watei'-jacket. 

The operation of measuring a 
gas is conducted in the follow- 
ing manner. The reservoir is 
lirst raised till the mercury rises 
above the stopcock on the side- 
tube, which is then closed. The 
tube containing the gas is then 
brought over the syphon of the 
burette, the reservoir is lowered, 
and part, or the whole, of the gas 
is taken over. Mercury is then 
drawn into the syphon up to the 
mark. The reservoir is then 

raised till the mercury in the side-tube, which is now opened to 
the air, is exactly on the level with the surface of the mercury 
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in the burette. The final adjustment may be made by one of 
the methods described on p. 62. The volume of the gas is read 
off by means of a telescope, and the temperature of the water in 
the jacket is obsei'ved. The true volume is determined from 
the equation 

vx(B-^p) 273 
"~ "(273 + ^760' 

where v = observed volume. 

B = corrected barometric height. 
p = correction for capillarity. 
t = observed temperature. 

The value of jo, the capillarity, may be determined by allowing 
both the syphon and side-tube to stand open to the air, and 
reading off the diflference of level between the mercury in the two 
tubes by means of a telescope and a scale placed behind the 
burette. It is usual to graduate a burette of this kind, when 
accurate work is required, in millimetre divisions. The value of 
a division in diflferent parts of the scale is determined by a 
method described on p. 75, and the direct readings are converted 
into cubic centimetres before the corrected volume is calculated. 

The same instrument may be used for the determination of 
the volume of a gas by the second method. In this caae the side- 
tube is also divided in millimetres, and the relation between the 
graduations on the two scales is known, so that the diflTerence in 
level between the surfaces of the mercury in the two tubes can 
be determined from the observations. 

To take a reading by this method the reservoir is adjusted 
till the surface of the mercury in the burette coincides exactly 
with one of the graduations. The height of the mercury in the 
side-tube is then observed, and from it the diflTerence of level of 
the mercury in the two tubes is directly determined in the follow- 
ing manner. Suppose that in some particular instrument, in 
which the burette and side-tube are both graduated in millimetres 
from the top, it is found that the 20 mm. mark on the burette 
corresponds to 23*7 mm. on the side-tube. If in any particular 
reading the observed diflference of level is n mm., the pressure 
under which the gas is confined will be B+p±(n — 3'7) mm. 
This method of reading is more accurate than the last, but if 
a large series of measurements are to be made the calculation 
of the results becomes somewhat more complicated. 
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When the apparatus is employed in gas analysis, the gas, after 
its volume has been measured, is transferred either directly or 
in a gas-tube to the apparatus containing the reagent with which 
it is to be treated. It is very important that the reagent should 
not enter the measuring burette, which should contain a trace 
of water only; if the reactions are carried out in gas -tubes 
(pp. 26, 27) a separate gas -pipette (p. 28) should be used in 
separating the liquid and gas, which should be brought to the 
burette in a clean tube. 

ConstarU'Volume burette fm^ accurate gas analysis, — Several forms 
of this instrument have been described by Hempel, Frankland, 
and others. They all consist ultimately of a burette which is 
connected directly with a mercury reservoir and with a barometer. 
The gas is introduced into the burette, and the mercury reservoir 
is adjusted until the mercury in the burette is brought to the 
level of some fiducial mark ; the difference of level between 
the mercury in the burette and the top of the column of mercury 
in the barometer indicates the pressure exerted by the gas when 
occupying a known or definite volume. From this it is possible 
to calculate the volume of the gas at normal pressure. Unless the 
absolute volume of the gas is required, the volume of the burette 
need not be known ; the relative volumes of the constituents of a 
mixture will of course be proportional to the observed pressures. 

In order to simplify the calculation of the results of the 
analysis of a gaseous mixture it is convenient to maintain the 
burette and barometer at constant temperature during a set of 
experiments. To eliminate the correction due to the pressure of 
water- vapour in the gas, both the burette and the space above the 
mercury in the barometer should contain a few drops of water. 

A convenient form of constant -pressure burette, and one 
capable of giving results of the highest accuracy, has been devised 
by Mr. G. N. Huntley. 

The burette a (Fig. 60) in which the gas is measured contains 
three opaque glass points (see p. 77), and the volumes of the spaces 
above the mercury when its surface is in contact with each of tlie 
three points is accurately known. The burette is connected with 
a barometer h and with a mercury reservoir ; both the burette and 
barometer are enclosed in water-jackets. The barometer may 
be sealed directly to the T-tube below the burette, but as the 
appai*atus so constructed is very rigid it is usually found more 
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anient to insert a piece of rubber tube. In order 
iminate danger from leakage the junction may be 
aed in mercury (p. 20). 

?he burette and barometer are fixed on a wooden 
1 80 that a mercury-trough (p. 26) may be brought 
/ the syphon ; a 'glass scale is fixed behind the 
neter, and is bo arranged that the readings can be 
1 by means of a telescope standing on tlie table by 
ide of the apparatus. 

"he burette should be calibrated before it is placed 
)sition. A capillary tap is sealed to the bottom 
le burette in place of the T-tube ; the burette 
of course be placed in the water-jacket before 
«p is sealed to it. The burette is placed in a 
!al position and a current of water allowed to flow 
,gh the jacket, it is then filled with mercury by 
3 of a funnel and rubber tube attached to the 
 tap. 

Vhen the temperature has become constant, the 
r surface of the mercury is brought to the mark on 
iapillary tube just inside the two-way tap. The 
lower tap is then closed, and the rubber 
tube is removed and the funnel is 
emptied. The rubber tube is then 
reattached, the tap is opened, and 
mercury is allowed to flow into the 
funnel till the surface falls below the 
upper glass point. The funnel is then 
again raised and mercury allowed to 
flow back into the burette till the glass 
point just touches the surface, as seen 
by the coincidence of the point with its 
reflected image. The tap is then again 
closed and the mercury in the rubber 
tube and funnel run into a glasB 
vessel and weighed. This operation is 
repeated in order to determine the 
volume contained between the lower 
points and the mark near the stopcock. 
'**■ It is necessary to adopt this method 
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of calibration since, if glass points are used, the surface of the 
mercury must be I'aised till it touches the point in order to 
take a reading. If the mercury is lowered it appears to attcu^h 
itself to the point, and does not break away till the true level of 
the mercury is 0*1 mm. or more below the point. 

After fixing the burette and barometer tube in position the 
barometer tube is filled with mercury by raising the reservoir, or 
compressing the air inside it, till the mercury fills the chamber 
and the cup above it. Before closing the top of the barometer by 
means of the ground-glass stopper and reducing the pressure, a 
few drops of water are introduced ; the top of the barometer is 
eflfectually sealed by means of a small quantity of mercury poured 
into the cup. 

It is next necessary to determine the position of the glass 
points with regard to the scale, which should be fixed so that its 
position shall remain constant with regard to the burette. This 
may easily be done by means of a telescope with a cross-wire if 
the burette lies close to the scale. If the burette and scale lie 
far apart, the level of the mercury 
in the barometer should be determined 
when the top of the barometer is 
open and the mercury in the burette 
lies in contact with one of the points. 
Or the burette may be filled with 
mercury, and the reservoir lowered 
so that a vacuum is produced in both 
parts of the apparatus. In both the 
latter methods the correction for 
capillarity is eliminated ; in the first 
it must be applied separately. 

As a separate check on the values 
obtained for the volumes of the spaces 
from the mark on the capillary tube 
to the three points, the following ex- 
periment may be performed. A 
small quantity of air is drawn into 
the burette, mercury is drawn into 
the capillary till it reaches the mark, 
and the mercury is adjusted in succession, to each of the three 
points. The three readings of pressure should be proportional 
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to the volumes obtained by weighiug with mercury, supposing 
that the temperature throughout the apparatus is constant and 
uniform, and that consequently the correction for the pressure of 
water-vapour and capillarity can be neglected. 

Julius Thomsen (Zeit. An. Cheviie, 1896, 1) has described a 
very accurate method for measuring large volumes of gas. The 
gas is introduced through the stopcock a into the reservoir A which 
also communicates with a water U -manometer through the stop- 
cock 6. The volume of water in A can be adjusted by opening 
the stopcock c and altering the pressure in B, which communicates 
with a large gasholder through d. The water is saturated with 
the gas to be measured, B and the large gasholder are filled 
with the same gas. The volume of gas in A is determined by 
disconnecting it from B and weighing it before and after the 
experiment. 
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Calibration of meaauring vessels, etc. 



Since the glass tubes from which gas burettes and other pieces of 
apparatus are made are rarely, if ever, truly cylindrical, it is often 
necessary to determine not only the total capacity of the 
apparatus but the volume corresponding to each division of the 
scale. The volume of the apparatus may be calculated from the 
weight of mercury which fills it at temperature t Where W is 
the weight of the mercury in gi'ams and V its volume in cubic 
centimetres, 

y^W(i + -0001815 
i3-596 

If water is used instead of mercury the volume may be 
determined from the following table in which the volumes of one 
gram are expressed in cubic centimetres : — 
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The weight of a litre of water at 4° C. is taken to be 1000 grama. 
This is not, of course, exactly true for the standard, the Paris 
kilogram, but it serves as a convenient standard for physical 
observations, and the results are always capable of further 
correction. The actual results for the weight of a litre of water 
vary between 1000-013 and 999-88 grams, a difference of 0-0015 
per cent. 

Assuming the density at 4° C. to be unity, Scheel {Wied, 
Ann., 1692, 47, 400) has found that the density at 0° C. is 
0-9998748. 

Calibration of the simple gas-measunng ttcbe, — The tube is 
carefully cleaned and fixed in a vertical position, mouth upwards, 
in a clamp. A reading telescope is placed at such a distance 
that the graduations on the surface of the tube, and the top of 
the meniscus of the liquid in the tube, can be distinctly seen at 
the same time. 

Successive quantities of mercury, which have been either 
weighed or measured, are introduced into the tube, and the posi- 
tion of the meniscus is read oflf after each addition. The mercury 
should be poured into the tube through a funnel, which is drawn 
out in the blowpipe flame to a sufficient length to reach to the 
bottom of the tube. If any air-bubbles are formed between the 
mercury and the glass they may be removed by means of a long 
strip of wood. 

The quantities of merctiry which are introduced may be con- 
veniently measured in the following manner. The edges of a 
small thick-walled glass tube are ground to fit a glass plate ; 
wooden handles are cemented both to the tube and to the plate. 
The tube is filled with mercury and the plate pressed on to the 
top of it while the tube is held over a basin. The plate is then 
removed, and the mercury is poured into the tube, which is being 
calibrated. 

In this way the capacity of the tube between any two divi- 
sions may be determined, but it is not possible to find directly 
its capacity to any division when it contains a gas confined 
over mercury. We know the volume abdb\ we require to know 
the volume acdc\ and the difference between these two volumes 
is hdb'c'dc. 

While the tube is still fixed in the clamp the position of the 
meniscus is read, and a drop of mercuric chloride is allowed to 
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Fig. 62. 



faD on the surface of •the mercury. The surface now becomes 
flat, and the difference A between the two readings is equal to 
half the volume hdVc'dc, In order then to 
obtain the volumes of the tube with regard to 
the graduation when the closed end is upper- 
most, it is necessary to add 2 A to the values 
first obtained. 

When it is possible it is advisable to 
avoid the necessity of applying the correction 
for meniscus, which is difficult to determine 
accurately, and to calibrate the instruments in 
the position in which they are used. In the 
case of the simple gas burette (p. 66), a capil- 
laiy tap is sealed to the lower tube, and the 
burette is filled to the mark near the tap with 
mercury by means of a funnel and rubber tube. 
Successive quantities of mercury are then run 
out into a small flask and weighed, and the 
position of the meniscus is determined at each 
weighing; the side of the burette should be tapped with the 
finger before the reading is taken in order to make sure that 
the meniscus takes its normal form. If the burette is fitted 
with a side-tube for levelling the operation is similar. The side- 
tube is completely filled with mercury, and the tap at the top of 
it is closed ; if no air-bubbles are present none of the mercury 
in the side-tube runs into the burette, although the difiFerence of . 
level in the two is considerable. 

While a burette or similar piece of apparatus is being 
calibrated it must be kept at constant temperature, preferably by 
means of an outer tube through which a current of water is 
flowing. 

From the telescope readings and weights of mercury the 
capacity of the instrument in cubic centimetres can be directly 
calculated. The results may then be plotted on a curve from 
which the volume corresponding to any numbers of divisions may 
afterwards be determined. If the burette or tube is truly 
cylindrical the curve will be linear. This is never actually found 
to be the case, but the error may be so small as to render it 
negligible for most purposes. 

The volume may be conveniently expressed in grams of 
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mercury when comparative measurements only are required. If 
several pieces of apparatus are employed, it is important that the 
volumes are all ultimately referred to the same standard .weights 
(p. 119). 

Calibratian of a capillary tube, — Capillary tube of regular 
bore is very difficult to obtain, as the motion given to the glass 
while it is being drawn results as a rule in the formation of 
alternate wide and narrow sections. Lead-glass tube is usually 
more regular than soda-glass tube. 

(i) When the tube is open at both ends. — The tube should 
either be graduated on the glass, or the position of different points 
in the tube should be determined by relation to a mark on 
the tube and to a mirror scale on which the tube is laid. If 
the readings are to be taken with relation to graduations on 
the tube a vertical reading telescope should be used, or if this 

instrument cannot be 

•^ ^ -7 obtained a sheet of 

\ silvered glass must be 
placed underneath it. 
In order to determine 
the volume of the tube a thread of mercury about 2 cm. long is 
drawn up into it and its length ac is measured at difiFerent points 
in the tube ; the values so obtained are plotted against tlie position 
of the middle point, b, of the thread. 

Since the ends of the thread of mercury are curved surfaces 
it is necessary to apply a correction for meniscus before the 
true volume occupied by the mercury can be determined. If the 
capillary is less than 0*5 mm. in diameter the meniscus may be 
taken to be hemispherical, and if the surface were flattened, the 
cylinder of mercury which would be formed would only have the 
height ^ i\ where r is the radius of the tube. It is necessary, 
therefore, to subtract ^ r from the length of the thread in order 
to determine its true length. If the tube is more than 0*5 mm. 
in diameter the height of the meniscus. A, must be separately 
determined. The correction then becomes ^ A. The radius of the 
tube may be measured by means of a microscope with a micro- 
meter eyepiece, or in the case of very tine capillary tube may be 
calculated sufficiently closely on the assumption that the volume 
of a section of the tube may be directly calculated from the 
observed length and weight of the mercury thread. 
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The mercury is finally run out into a small glass vessel 
and weighed. 

A simpler and probably more accurate method of calibrating 
capillary tubes is as follows. A short thread of mercury is 
drawn into the tube and its position is adjusted so that one end 
of it is close to the first division ; its length is determined and 
it is run into a crucible and weighed. A second and somewhat 
longer thread \& then drawn into the tube, and its position is 
adjusted till one end lies nearly in the same position as in the 
first case ; the length and weight are again determined. This 
operation is repeated with longer and longer threads until the 
capacity of the whole tube has been determined. 

(ii) When the tube is closed at one end. — Where it is possible 
the calibration of the greater portion of the tube should be 
carried out before the tube is closed. In order to determine the 
volume of the closed end of the tube a little mercury is intro- 
duced as before and ^^ 

the enclosed air is J ^^¥ ¥^i^^^^i^b^^^^"^ 

sucked out by means ^  • — 

of a piece of glass ^'^- ®^- 

tube drawn out to hair thickness. The length of the thread is 
then determined, and the value of |^ r is subtracted to allow for 
the meniscus at a. The fine glass tube is again introduced into 
the capillary, and the mercury is blown out into a glass vessel 
and weighed. 

(iii) If the capillari/ is closed at both ends, as in a ther- 
mometer, it is only possible to determine the relation between 
the diameter of the tube in different parts. This condition is 
not likely to occur in the manipulation of gases, but a description 
of the process commonly employed for the calibration of such 
instruments can be found in Ostwald's Physxco-Chemical Measure- 
merUs, 

Calibration of instruments in which an opaque glass point is used 
as an indicator, — As has already been stated, the most accurate 
method of bringing the surface of the mercury in a vessel to a 
certain level is by the use of the black glass point used by Von 
Jolly in the analysis of air. Since the mercury must always be 
raised (p. 71) till it just touches the glass point, special methods 
of calibration must be employed. 

Sometimes (p. 119) it is necessary to fill the apparatus with 
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mercury or water and weigh it ; these cases will be dealt with 
as they occur. 

Where it is impossible to introduce mercury or water into 
the apparatus, air must be used to determine the volume. The 
apparatus is filled with air under conditions of temperature and 
pressure which can be determined, and the volume of the air, 
which is removed by means of a pump (Chap. II.) and carefully 
collected, is measured in a carefully calibrated gas burette. 
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Absorption of gases by solid or liquid reagents — General principles — Methods of 
manipulation, apparatus, etc. — Oxygen — Hydrogen — Carbon dioxide — 
Carbon monoxide — Ethylene — Acetylene — Estimation of benzene — Combus- 
tion of gases. 

The most convenient method by which the composition of a 
gaseous mixture can be determined consists in the successive 
absorption of its constituents. The absorbents may be either solids 
or liquids with which the gases react chemically or physically. 
The quantity of any particular constituent can be determined 
either by measuring the decrease in volume produced by treating 
the mixture with excess of the reagent, or by bringing a known 
volume of the mixture into contact with a measured quantity 
of the reagent, and determining the amount of it which has 
undergone change. The subject will first be considered generally. 
Suppose that in a gaseous mixture it is necessary to determine 
the quality of one constituent, A. The gas, after being measured, 
is brought into intimate contact with a reagent which absorbs 
this constituent, and the unabsorbed gas is again measured. Now 
if the gas A, which has been absorbed, forms a compound with the 
reagent so stable that its dissociation pressure approaches zero at 
the temperature of the experiment, the residual gas may be 
considered as quite free from it, provided that excess of the 
absorbent were present, and that sufficient time were allowed for 
the reaction to become complete. If, on the other hand, as in 
the case of the absorption of carbon monoxide by cuprous chloride, 
an unstable compound is formed, it will be necessary to treat the 
mixture more than once with fresh quantities of the reagent, in 
order to completely remove the constituent which is undergoing 
absorption. 
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When using liquid reagents a source of error presents itself 
which is almost absent when solid reagents are used. When a 
mixture of gases is brought into contact with any liquid the 
constituents are dissolved in proportion to their solubilities, and 
to their partial pressures. Similarly, gases already in solution in 
the liquid are given off in like proportion. When, therefore, 
liquid i*eagents are used, the change of volume of the gas may 
be greater or less than the volume of the constituent which the 
reagent is intended to absorb. This source of error may be 
eliminated by bringing the reagent in contact with a gas of similar 
composition to that which it is intended to analyse. The error 
would disappear if the same reagent were being used for a 
number of similar analyses, but would be increased if it were 
necessary to treat the gas repeatedly with fresh quantities of the 
reagent. 

Sometimes the gas is exposed to the action of liquids or 
solutions on the surface of porous substances such as coke balls. 
This method may, however, lead to the introduction of traces of 
air. 

The use of solid reagents, or of solid reagents in contact with 
a thin layer of liquid, leads undoubtedly to the most accurate 
results in the analyses of gaseous mixtures. The number of 
solid reagents which can be used is, however, limited, and the 
operations involved are as a rule more difficult to conduct. 

Methods of manipulation, apparattiSy etc. -7— Unless a large 
number of analyses are to be made, it is hardly woith while 
employing gas pipettes permanently filled with the reagents. 
For occasional analyses the gas under examination may be treated 
with the various reagents contained in glass tubes over mercury. 
A tube is tilled with mercury, and a small quantity of a liquid 
reagent is introduced into it by means of a glass pipette with a 
curved point. The tube is then brought over the syphon of the 
measuring burette, and the gas previously measured is allowed to 
bubble through the mercury and layer of the reagent, and to 
fill the top of the tube. The measuring burette is then raised in 
its clamp so that the point of the syphon is clearly seen above 
the surface of the reagent in the tube, the reservoir of the 
burette is lowered, the tap is opened, and the gas is drawn out 
of the tube. 

In order to avoid introducing the reagent into the burette it 
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is necessary to take great care, when withdrawing the gas from 
the tube, that no liquid enters the capillary syphon. When nearly 
all the gas has been drawn into the burette the tap should be 
almost closed, to make it possible to check the flow at the 
moment that the last trace htis been drawn over. The point of 
the burette should then be brought beneath the surface of the 
mercury, either by lowering the burette or by lifting the tube, 
and mercury should be drawn into the capillary to the fiducial 
mark. 

It is practically impossible to regulate the flow of gas into 
the burette by adjusting the height of the mercury reservoir. It 
is found far more convenient to lower the reservoir fully, and to 
regulate the flow of gas by means of the stopcock. Much time 
and trouble may be saved by employing a second syphon burette 
in separating the gas from the reagents. The gas is transferred 
in a clean tube to the measuring burette, which is thus kept free 
from the reagents. 

In this way it is possible to treat gases with reagents such 
as caustic soda, sulphuric acid, ammoniacal cuprous chloride, with 
other reagents which do not attack the mercury, or even with 
fuming sulphuric acid. 

The Oettel gas pipette and its modifications are more suited 
to the purpose of commercial gas analysis, and have been fully 
described by Hempel and others. 

A Convenient form of gas pipette for use with either solid or 
liquid reagents is shown in Fig. 65. By 
means of a two-way millimetre-bore stopcock 
the tube a may be placed in communication 
either with the interior of the pipette or II 
with the open thistle -head funnel I, The f ^ 
tube a can be directly connected with the 
measuring burette, or with a second burette, 
as already described, by means of a piece of 
thick -walled rubber tube, and the pipette 
can be conveniently supported by means of a 
clamp. 

The pipette is first filled with the reagent, 
or with the reagent over mercury, a small 
quantity of mercury is placed in the funnel 6, and the tap is 
turned so that the mercury flows into the tube a, expelling any 

G 
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trace of the reagent. The pipette is then connected witli the 
measuring burette, and the gas is allowed to flow into it and to 
stand in contact with the reagent for as long a time as ie 
necessary for complete absorption ; the liquid is partially expelled 
into the open part of the pipette. The gas is then drawn back 
into the measuring burette, the hquid being allowed to rise in the 
pipette till it just fills the passage in the plug of the stopcock. 
The gas which remains in the connecting tubes is drawn into the 
burette by turning the stopcock so that a little of the mercury in 
b flows into a. 

In order to expose a greater surface of liquid to the gas the 
pipette may be packed with vertical glass tubes. 

If the pipette is used with a solid recent in presence of 
water or mercury, the solid is introduced in sticks through the 
opening c. The opening may be conveniently closed by a glass 
stopper of smaller diameter covered with a piece of rubber tube. 
(Jround stoppers often become fast and cannot be removed 
without breaking the pipette. 

If the reagent is likely to deteriorate by contact with the 
air the opening in the second chamber may be closed by means 
of a rubber balloon, and the chamber filled with hydrc^en or 
some inactive gas. The gas expelled from the chamber by the 
rising liquid passes into the balloon. Rubber balloons cannot be 
used in the case of fuming sulphuric acid or other corrosive 
liquids. 

Another fonn of gas 
pipette (Figs. 66 and 67) 
possesses the additional ad- 
vantage that the gas which 
enters it passes through the 
reagent and does not merely 
come into contact with its 
surface. In this instrument, 
which may be used in con- 
nection with a gas burette 
(Fig. 07), or which may be 
constructed so that it may 
be used independently (Fig. 
66), the tube a is connected at will through the stopcock either 
with the top of the pipette, or with a tube b which reaches to 
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its lower end. The pipette must contain sufficient mercury to 
cover the opening of b. 

The gas is introduced into the pipette by placing a and b in 
communication, and adjusting the pressure so that the gas rises in 
bubbles through the reagent. When the gas is expelled from 
the pipette, the stopcock is turned in the opposite direction and 
the liquid allowed to rise till it fills the passage in the tap ; 
the connecting tubes are cleared by means of mercury drawn up 
through b. 

Absorption of gases by solid or liquid reagents 

Oxygen — By potassium pyrogallate, — This method should 
not be employed if the residual gas is intended for spectroscopic 
examination, • since small quantities of carbon monoxide are 
always evolved. Hempel reconmiends that a solution of the 
following composition should be used : — A solution containing 
5 gm. of pyrogallol in 15 c.c. of water is mixed with 120 gm. of 
caustic potash dissolved in 80 c.c. of water; the liquids should, if 
possible, be mixed in the pipette.^ Stronger solutions evolve 
carbon monoxide in presence of oxygen. 

By pJiosphoi^is in the cold. — A pipette (Fig. 65) is filled with 
thin sticks of phosphorus and water. The gas is run in and 
allowed to stand for a few minutes when the whole of the 
oxygen will be absorbed. The pipette must be painted black on 
the outside, otherwise the phosphorus will become coated with the 
amorphous variety owing to the action of light. This is the safest 
method for the absorption of oxygen in the analysis of a gaseous 
mixture. The presence of hydrocarbons, sulphuretted hydrogen, 
etc., appear to interfere with the oxidation of the phosphorus. 

By phosphorus vapour. — Small quantities of gas may be 
conveniently treated in the following manner : — A small piece of 
phosphorus is dried, rubbed between the fingers below the surface 
of the mercury in a trough, and introduced into a dry gas-tube 
previously filled with mercury. The tube is then warmed, and the 
phosphorus which rises to the top melts and adheres to the glass. 
The gas is next introduced from the burette, and the phosphorus 
vapourised by warming the tube with a Bunsen burner; the 

* Clowes {B. A, Beporty 1896, 747) finds that a solution ot 10 grams of pyrogallol 
and 160 gms. of caustic potash in 200 c.c. of water gives practically no carhon 
monoxide. 
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whole of the oxygen is immediately absorbed, and the water is at 
the same time removed through the formation of phosphorous and 
phosphoric acids. If the gas contains much oxygen, only a few 
cubic centimetres should be introduced before the phosphorus is 
again warmed ; the remaining gas is tlien allowed to run into the 
tube sufficiently slowly to prevent the combination becoming too 
violent. This method cannot, of course, be used if the gas 
contains Hg, CO, etc. Care must be taken that the point of the 
syphon of, the burette does not come in contact with the melted 
phosphorus, or it will become plugged. 

Globules of yellow phosphorus for this purpose may be made 
by melting the solid below water in a test-tube, drawing it into 
a pipette, and allowing it to flow in a stream into a deep cylinder 
filled with cold water. , 

Metallic copper, — Von Jolly {Wiedcrmann's Annalen, N.F., vi. 
520), in his determinations of the composition of air, used a 
spiral of copper wire heated by means of an electric current for 
the absorption of the oxygen. The method is not, however, easy 
to apply. 

If a gas consists almost entirely of oxygen, and contains a 
small residue which it is intended to examine spectroscopically, the 
oxygen is conveniently removed by heated copper. A hard glass 
tube closed at one end and filled with reduced copper oxide is 
attached to the apparatus employed for the absorption of nitrogen 
by calcium (Fig. 70, p. 102). The gas is introduced into the 
burette, allowed to flow into the heated tube, which is previously 
exhausted, and finally collected through the pump. 

£i/ metallic copper in contact with an alkaline solution, — 
Hempel has shown that copper gauze in contact with a solution 
containing equal parts of ammonia solution ('880), and water 
saturated with ammonium carbonate, absorbs oxygen with great 
rapidity. The gauze is packed in rolls into a pipette (Fig. 65) 
which is filled with the solution. This method cannot be used 
in presence of carbon monoxide and acetylene, which are also 
absorbed. 

Ferrous and chromous hydrates have been used as absorbents 
for oxygen, but they appear to possess no particular advantages. 

Hydrogen. — No liquid absorbent is known by means of 
which hydrogen may be removed from a gaseous mixture. Hempel 
states that hydrogen may be separated from a mixture of gases 
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by direct absorption by spongy palladium, obtained by heating its 
double chloride. 

Since, however, spongy palladium loses practically the whole 
of its hydrogen at the ordinary temperature of the air when 
placed in vacuo, it would seem impossible that this method 
could give accurate results. Indeed, it was found that when an 
attempt was made to remove the hydrogen from helium only part 
of the gas was absorbed 

By lithium. — See p. 103. 

By sodium or potassium, — The absorption of hydrogen by 
sodium and potassium was investigated by Troost and Hautefeuille 
(see p. 42). Jaquelain attempted to apply the method to the 
separation of hydrogen from hydrocarbons, etc. {An, Ch. Ph. 
74, 203.) It is not, however, very satisfactory in its application. 

Carbon dioxide. — This ^s may be removed from a mixture 
by absorption, by means of a solution of caustic potash, or by 
means of solid potash placed in a burette for solid reagents. 

Carbon dioxide in air, — (A monograph on this subject by 
Letts and Blake, I>\iblin Royal Society, 1899, 1900, contains very 
full information.) The method usually employed for the estima- 
tion of carbon dioxide in air consists in absorbing the gas 
contained in a known volume of air by a standard solution of 
barium hydroxide, and titrating the excess of alkali with oxalic 
acid. This method, first rendered practical by Pettenkofer, has 
been modified by Winckler, Hesse, and others. 

Since barium hydroxide attacks the glass vessels in which 
the operations are conducted, and in which the standard solution 
is stored, they should be coated internally with a thin layer of 
paraffin wax. This may easily be done by pouring the melted 
wax into the bottle which has previously been warmed, and 
allowing the excess of wax to drain out. It might also be as 
well to coat the inside of the pipettes which are used in the 
analysis ; this, however, would involve the necessity of redeter- 
mining their volumes. 

The following solutions are required : — 

(a) A solution containing 5*6325 gm. of pure crystallised 
oxalic acid in one litre of water ; 1 c.c. of solution is equivalent 
to 1 ac. of carbon dioxide. 

(h) Stock baryta solution containing 1000 gm. of barium 
hydrate, and 50 gm. of barium chloride in 5 litres of water. 
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(c) Dilute baryta solution obtained by adding 30 c.c. of the 
strong solution to 1 litre of water. These solutions should be 
kept in large bottles, and drawn off by means of a syphon 
passing through the cork ; air is admitted to the bottle through a 
tube containing soda lime. 

{d) A solution containing 1 gm. of phenol phthalein in 250 
C.C. of water. 

The strength of the baryta solution is determined by running 
into a small flask from a burette nearly suflBcient oxalic acid 
solution to neutralise a known quantity (10 or 25 c.c.) of the 
baryta solution. The baryta solution is then added from a 
pipette, phenol phthalein solution is added, and the oxalic acid is 
run in till the neutral point is reached. It is, perhaps, more 
convenient to add the indicator directly to the baryta solution in 
the bottle. In this, and in all subsequent titrations, the phenol 
phthalein should be added from a roughly graduated pipette. 
The amount of the indicator added should be proportional to the 
quantity of solution used. 

The carbon dioxide in air can be estimated by running a 
Quantity of baryta solution from a pipette into a large glass 
vessel of known capacity, waxed inside, and fitted with a ground 
glass or rubber stopper. After thoroughly shaking, the excess of 
baryta is titrated with oxalic acid. 

This method is not very accurate, since when the stopper is 
removed, fresh air, containing carbon dioxide, enters by diffusion. 
W. Hun has modified the process in such a manner as to eliminate 
this source of error. 

Thick-walled Erlenmeyer flasks, varying in capacity from 
500 c.c. to 60 c.c, are fitted with two-hole rubber stoppers; the 
holes are closed by pieces of glass rod. The capacities of each 
of the flasks, up to a mark on the neck to which the stopper 
fits, should be determined. A 10 c.c. pipette, and a burette 
made suflBciently long below the tap to pass through the stoppers 
of the conical flasks are also required. 

Air is drawn through one of the flasks by means of a suction 
bellows (p. 35), and a quantity of baryta solution is introduced 
by inserting the point of the pipette, filled with the solution, into 
one of the holes in the stopper of one of the flasks. The glass 
rod is slightly withdrawn from the second hole to allow air to 
escape ; it is then again inserted, the final drop of solution is 
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expelled from the pipette by closing the upper end of it with tlie 
finger and warming it with the hand ; the pipette is then with- 
di-awn, and the second hole is plugged. 

After thoroughly shaking, the point of the burette, which 
contains the oxalic acid solution, is introduced in the same 
manner, and the acid solution is run in till the colour dis- 
appears. 

The difference between the titre of the baryta solution added, 
and the Quantity of oxalic acid solution used, give the volume of 
carbon dioxide in cubic centimetres. The volume of the flask, 
lesH 1 C.C., gives the volume of air used. 

Carbon dioxide has also been determined gravimetrically by 
passing a large volume of air, dried by passage through tubes 
containing sulphuric acid and pumice, through bulbs containing 
a solution of caustic potash. 

Carbon monoxide — By ammoiiiacal cuprous chloride, — The 
solution is prepared as follows: — 28 gms. of copper oxide, dis- 
solved in about 500 c.c. of concentrated hydrochloric acid, is 
allowed to stand in a flask filled with copper turnings till the 
solution has lost its colour. The solution is then poured into 
an inverted bell-jar tilled with water ; the cuprous chloride is 
allowed to settle, and the liquid is run off by drawing down the 
glass tube, which passes through the cork, to the level of the 
precipitate. The precipitate is washed with water, run into a 
500 C.C. flask with about 300 c.c. of water, and ammonia passed 
into it till the precipitate dissolves. The air may be excluded 
by passing CO., into the flask from a Kipps apparatus. The 
solution is finally made up to 500 c.c. with boiled water. 

Since the product, which is probably a direct compound of 
the type Cu^Cl^nCO, is very unstable (C. r., 1899, 128, 114), the 
gas must be treated more than once with the ammoniacal cuprous 
chloride solution to eliminate tlie whole of the carbon monoxide. 
It is usual to employ two pipettes, one of which contains a 
solution which has been used many times, the other containing a 
fresh solution. The solution must be protected from the air in 
the ^open limb of the pipette. The pipette may be packed with 
copper gauze. Acid cuprous chloride does not seem to be such 
an efficient absorbent as the alkaline solution, and as it reacts 
with mercury it is difficult to manipulate. 

It must be remembered that acetylene also combines with 
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ammoniacal cuprous chloride to form the red compound Cu^jC^ ; 
this can, however, be immediately recognised. According to 
Hempel, -ethylene is also very soluble in this reagent. 

Hie detection and estimation of small quantities of carbon 
monoodde in air (J. PhysioL, 1895, xviii. 461, Bi^it, Ass. Report, 
1895). Hemoglobin, the colouring matter of blood, forms addition 
compounds both with oxygen and with carbon monoxide. Both 
compounds dissociate easily, but the carbonic oxide derivative is 
much the more stable of the two. In presence of both oxygen 
and carbon monoxide the haemoglobin distributes itself between 
the two gases ; the ratio between the amounts of oxyhsemoglobin 
and carboxyhaemoglobin being equivalent to the ratio of the 
partial pressures of the gases in the mixture, multiplied by a 
constant. The percentage of oxygen in air, or other gaseous 
mixtures, can easily be determined, and, if the value of the 
constant is known, the quantity of carbon monoxide can be 
calculated after finding the relation between the quantities of 
oxyhsemoglobin find carboxyh^emoglobin in a solution of blood 
which has been in contact with the gas. 

Taking advantage of the fact that a dilute solution of oxy- 
hsemoglobin has a yellow colour, while a solution of carboxy- 
haemoglobin is pink, it is easy to determine, by a colorimetric 
method, the proportions in which these substances are present. 
The following solutions are required : — 

A 5 per cent solution of defibrinated ox blood. The blood 
may be kept in a corked bottle ; the solution must be prepared 
fresh. 

A solution of carmine. One gram of carmine is mixed with 
a few drops of ammonia in a mortar, and dissolved in 100 c.c. 
of glycerine. Ten cubic centimetres, diluted to one litre with 
water, forms the standard solution. 

The air to be examined is drawn through a flask of about 
200 c.c. capacity, fitted with a well -paraffined cork, through 
which pass two glass tubes, which can be closed by means of 
rubber tubes and stoppers. About 5 c.c. of the blood solution is 
drawn into a pipette, the point of which is introduced into one 
of the rubber tubes from which the stopper is removed, air being 
allowed to escape from the flask by loosening the second stopper. 
The pipette is then withdrawn, the opening closed, and the flask 
shaken very gently for about five minutes. 
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The liquid is then transferred to one of three test-tubes of 
exactly the same diameter. In another of the test-tubes 5 ex. 
of the original blood solution is placed, and in the third the same 
quantity of the blood solution which has been saturated with 
carbon monoxide by shaking with coal gas. 

Standard carmine solution is now added from a burette to 
the second test-tube, till the tint of the liquid is the same as 
that of the solution which has been saturated with carbon 
monoxide, and to the liquid in the first test-tube till the same 
tint is produced. 

If J' C.C. were added in the first case, and y c.c. in the 
second, we have 

\x -- X 100 = 8, 
y+bx 

where S is the percentage saturation of the blood shaken with 
air containing carbon monoxide. 

The quantities of carbon monoxide in the air may be 
calculated from the following table: — 

Percentage saturation. 
10 
20 
30 
40 
50 . 
60 
70 
80 
90 

The method gives fairly accurate results for quantities of 
carbon monoxide in air between 0*015 and 1 per cent. If 
greater quantities are present the gas must be diluted with air. 

The only obvious source of error in the process might be 
due to the absorption of the carbon monoxide by the reagent, 
and consequent decrease of its partial pressure in the mixture. 
The quantity of the gas which is absorbed by the haemoglobin is, 
however, too small to come within the limits of experiment. 

Dr. Haldane has also investigated the dissociation pressure of 
carboxyhtemoglobin (/. PhysioL xviii. 453). 

Vogel {Ber, 10, 792 ; 11, 235) was the first to make use of 
the haemoglobin method for the detection of carbon monoxide. 



Car]>oa inouoxide in air. 


0-015 


per cent. 


004 




0-08 




0-12 




0-16 




0-22 




0-30 




0-60 




1-2 





90 



EXPERIMENTAL STUDY OF GASES 



CHAP. 



but he was unable to detect the gas in a mixture containing less 
than 0*25 per cent of it. 

The rediwHon of iodic anhydride by carbon monoxide has 
been employed by Nicloux (C r., 1898, 126, 746), and Gautier 
{G. r., 1898, 12(5, 931) in estimating the quantity of it in air. 

Hydrocarbons. — Qualitative tests for hydrocarbons, etc. 
(Philips, Ann. Cli, J. 16, 255):— 

(i) Solutions of palladium chloride are reduced by carbon 
monoxide, with formation of carbon dioxide ; the latter is not 
formed in the case of defines. 

(ii) Ammoniacal silver nitrate gives a yellow precipitate with 
acetylene, but is not altered by olefines ; carbon monoxide reduces 
it, producing metallic silver. 

(iii) Platinum chloride yields carbon dioxide with carbon 
monoxide, but it is not immediately reduced to metal ; ethylene 

produces no change. 

Ethylene* may be absorbed from a 
mixture of gases, either by fuming sulphuric 
acid or by bromine water. 

\i fuming sulphuric acid is used, it should 
contain about 10 per cent of sulphur tri- 
oxide. The acid should be contained in a 
pipette for liquid reagents (Fig. 65), and 
its exposed surface should be protected from 
the air while not in use. After treatment 
with fuming sulphuric acid the gas must 
be passed into a pipette containing caustic 
potash, to absorb the acid fumes. 

It must not be forgotten that fuming 
sulphuric acid absorbs not only the ethylene 
hydrocarbons, but also acetylene, and the 
vapours of aromatic hydrocarbons such as 
benzene. 

Bromine water is equally efficient as an 

absorbent for hydrocarbons of the ethylene 

series, and does not absorb the vapours of 

the aromatic hydrocarbons to such an extent. 

Fig. 68. Since bromine reacts very rapidly with 

mercur}', it is necessary to employ a 
specially constructed pipette (Fig. 68). The gas is drawn into the 
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pipette and the pressure is lowered till the mercury falls below 
the lower stopcock, which is then closed. Excess of bromine 
water, or, if much ethylene is present, of bromine, is poured into 
the cup connected with the upper stopcock, and run into the 
pipette ; after shaking, potash is run into the pipette, and the gas 
is transferred to a tube, and afterwards to the measuring burette. 

Acetylene (Preparation, see p. 53). — Although acetylene can 
be directly absorbed by fuming sulphuric acid, or by bromine 
water, it is not usually convenient to use these reagents for its 
estimation, since they also take up ethylene, etc. When alkaline 
solutions of certain mercuric, cuprous, or silver salts are shaken 
with acetylene, the whole of the gas is absorbed, and insoluble 
metallic acetylides are formed. The cuprous acetylide, Cu^Cp^HgO, 
obtained by shaking acetylene with ammoniacal cuprous chlo- 
ride, is a red compound, is somewhat explosive, appears to decom- 
pose in presence of air and water, and is easily decomposed 
by hydrochloric acid (see p. 53). The silver acetylide is a 
yellow compound ; it is too explosive to be handled with safety. 
The mercuric acetylide {Gh. Soc. J"., 1894, 262), HgC^^HgO, is 
white ; it cannot be obtained pure by the action of acetylene on 
ammoniacal solution of the chloride, cyanide, etc., but is most 
easily obtained by the use of a reagent prepared in the following 
manner : — 

Freshly precipitated mercuric oxide is washed free from 
potash, and treated with ammonia ('880) and solid ammonium 
carbonate in powder. The solution is filtered, and may be kept 
in a stoppered bottle for use. In order to absorb the acetylene 
a small quantity of the reagent is placed in a bottle furnished 
with a rubber stopper, with a stopcock passing through it. The 
bottle is exhausted and attached by a rubber tube to the 
burette containing the gas. The gas is drawn directly into 
the bottle, and in order to clear the leading tubes successive 
small quantities of air are admitted into the burette. After 
shaking thorougldy, the precipitated acetylide is filtered off, 
washed with ammonia solution, treated in a beaker with dilute 
ammonium sulphide, and weighed as sulphide. 

Benzene and Higher Hydrocarbons. — Berthelot's method of 
absorbing the hydi'ocarbons, C^Ha^, with bromine, and the benzene 
hydrocarbons with fuming nitric acid, is of no use, as the bromine 
attacks the benzene. A method by which the benzene is esti- 
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mated as dinitro-benzene has, however, been found to yield good 
results {Zeit. Anorg, Ch. 1898). 

Bunsen passed the gas through several tubes filled with 
absolute alcohol in order to absorb the hydrocarbons. The oil 
which separated when the alcohol was poured into brine was 
collected and analysed. 

St. Claire-Deville separated the hydrocarbons by passing the 
gas through a spiral cooled to — 22°C. The temperature is 
not, however, low enough to condense the whole of the vapour. 
A mixture of solid carbonic acid and ether appears to condense 
a very large quantity of vapour out of coal gas ; liquid air gives a 
similar result. The liquid consists mainly of benzene and water, 
and it is found that unless the tube through which the gas 
enters the condenser is made very wide, it becomes plugged 
almost directly. 

Combustion of Gasks. — In many cases the only possible 
method of analysing a gaseous mixture consists in determining 
the nature of the changes which it undergoes during combustion. 

The combustion of the gas, mixed either with excess of oxygen, 
air, or hydrogen, is usually accomplished by exploding the mixture 
by means of an electric spark from an induction coil, or by pass- 
ing it through a tube containing spongy palladium. 

CambiLstion hy e.i-plosion. — The explosion pipette can be made 
conveniently of the same form as the measuring pipette for 
analysis at constant pressure, but it should be of stouter glass, 
and should have two platinum wires sealed into it close to the 
top. The gas is introduced, and exploded by means of a small 
coil, capable of giving a quarter-inch spark, and a dip battery 
or small accunmlator cell. The gas may be exploded under 
reduced pressure by lowering the mercury reservoir, and to 
prevent accidents the apparatus may be covered with a cloth 
during the experiment. 

Considerable errors may be introduced througli the com- 
bustion of the grease with which the stopcock is lubricated ; it 
is therefore advisable to employ metaphosphoric acid for tliis 
purpose. 

By combustion of a gaseous mixture by explosion we can 
obtain the following data : — 

1. The total contraction. 

2. The carbon dioxide formed by the combustion. 
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J^>. The total oxygeo used in the combustion. 

4. The volume of nitrogen, argon, helium, etc., remaining 
over. 

Under certain conditions some of the nitrogen enters into 
combustion with the oxygen. Bunsen found that in presence of 
excess of combustible gas nitrogen was oxidised with formation 
of nitrous and nitric acids. When quantities of oxyhydrogen 
gas up to 64 volumes were burned in presence of 100 volumes 
of air, the quantity of nitrogen oxidised was practically negligible, 
but with higher proportions of combustible gas the error became 
considerable. It is, therefore, preferable to use air, or air and 
oxygen, instead of pure oxygen in the case of combustible gases 
which contain but a small proportion of nitrogen. 

On the other hand, there is a danger of introducing a con- 
siderable error owing to incomplete combustion of the gas, either 
owing to there being insufficient oxygen present, or to too great 
dilution with incombustible gas. This first condition may, 
in the case of methane or ethylene, lead to the formation of 
carbon monoxide, but this may easily be avoided by taking care 
that sufficient oxygen is added before the explosion. The second 
difficulty may be overcome by adding sufficient electrolytic gas to 
the mixture; the quantity need not be accurately measured as 
it does not appear in the final calculation. 

Limiting values of explosive mixture of gases with air :- 

Acetylene ..... 
Hydrogen ..... 
Carbon monoxide .... 
Ethylene ..... 
Methane ..... 

Hydrogen. — This gas may be directly estimated in absence 
of carbon monoxide, hydrocarbons, etc., by exploding it with rather 
more than half its volume of oxygen. If much inactive gas is 
present it is necessaiy either to add electrolytic gas, to pass the 
gas over palladium, or to pass the spark through it for some 
minutes ; in the latter case the oxygen may enter into combina- 
tion with some of the nitrogen which is present. The error due 
to incomplete combustion is small, and for electrolytic gas is not 
greater than '0001 of the whole. Since, however, the volume 
relation of oxygen to hydrogen in electrolytic gas is probably 
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1 to 2*003 an error of one part in a thousand is incurred by 
considering it to be 1 to 2. 

Carbon monoxide. — Since the volume of carbon dioxide pro- 
duced by the combustion of carbon monoxide is equal to the 
original volume of the gas, it is in absence of hydrocarbons easy 
to determine the quantity of carbon monoxide present. 

Even in presence of excess of oxygen the combustion is never 
quite complete, a small trace of the gas is always left uncombined ; 
and, if it is intended to examine the residue spectroscopically, it 
should be sparked (p. 104) before the oxygen is absorbed. The 
quantity of carbon monoxide left uncombined is too small to 
affect the analysis. 

Carbon monoxide and Hydrogen. — From the data obtained 
by exploding the gas with oxygen the quantity of these cases may 
be calculated in absence of hydrocarbons. 

Vol. of hydrogen = | (total contraction — ^ vol. of carbon dioxide formed). 

Paraffin Hydrocarbons. — The following equations represent 
the changes which take place when the paraffin hydrocarbons are 
burnt with oxygen : — 

CH^ +20.^ =C02 +2H2O Contraction. 
2 vols. + 4 vols. = 2 vols. + (4 vols.) 4 vols. 
2C,H,j + 7O2 = 4CO2 + 6H2O 
4 vols. + 7 vols. = 8 vols. +(12'vols.) 3 vols. 

2 vols. = 2n vols. 

From these results it is clear that it would be possible to 
determine the nature of the hydrocarbon, provided that no 
hydrogen or carbon monoxide were present. 

In most cases it can be assumed that the paraffin hydrocarbon 
present is entirely methane. From the first equation the volume 
of carbon dioxide formed should be equal to the volume of the 
methane, and consequently, to half the total contraction or to 
twice the quantity of oxygen consumed. If tliis is not the case 
other combustible gases must be present. If the quantity of 
oxygen consumed is too great, hydrogen must be present ; the 
formation of too much carbon dioxide indicates the presence of 
carbon monoxide or higher hydrocarbons. 
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Hydrocarbons may be separated by fractional distillation 
(Ch. xvi.) 

Hydrogen and Methane. — The quantity of hydrogen and 
methane, in absence of higher hydrocarbons, olefines, or carbon 
monoxide, can be estimated by direct explosion with oxygen. 

Vol. of carbon dioxide = vol. of methaue. 
Vol. of hydrogen = f (total contraction — 2 vols, of methane). 

Hydrogen, Carbon monoxide, and Methane. — The quantities 
of these three gases present in a mixture is sometimes deter- 
mined by calculation from data obtained from combustion of the 
mixture with oxygen. The process involves the use of three 
simultaneous equations, and unless the co-efficients (the actual 
observed results) are obtained with very great accuracy the results 
are practically valueless. 



CHAPTER X 

THE COMPOSITI"ON OF ATMOSPHERIC AIR 

The lirst quantitative experiments on the composition of air were 
made by Priestley, who made use of the reaction between nitric 
oxide and oxygen, first observed by Mayow, in order to deter- 
mine the " goodness " of atmospheric air. He did not, however, 
obtain very good results by this method, but he succeeded in 
showing by experiments on living mice, that dephlogisticated air 
(oxygen) was capable of supi^orting life four or five times as well 
as ordinary air. 

His contemporary Scheele, about the year 1775, showed 
that about 6 parts out of 20 parts of air were capable of being 
absorbed by liver of sulphur. Lavoisier, by heating mercury in 
air, obtained results which varied between 20 and 25 per cent of 
oxygen. 

The first accurate experiments were made by Cavendish in 
the year 1781. He employed the method suggested by Volta of 
exploding the air with hydrogen, and obtained as the mean of 
several determinations the number 20*85. The result is worthy 
of this admirable experimentalist. 

Dalton, who may be said to have partly based his atomic 
theory on his observations with regard to the action of nitric 
oxide on air, obtained results which are far from accurate, ranging 
between 19*8 and 21*1 per cent of oxygen. 

In 1804 Gay-Lussac analysed a large number of samples of 
air brought from different parts of the world by von Humboldt. 
The results, which vary between 21*1 and 20*9 per cent of 
oxygen, show that the composition of air is practically constant all 
over the earth's surface. Neither the results of Gay-Lussac, of 
Davy, nor of Bunsen exceed in accuracy those of Cavendish. 
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111 recent years careful analyses have been raade by Kreusler, 
Morley, Hernpel, Oettel, and others, to determine within what 
limits the quantity of oxygen in the air may vary. The methods 
employed are described in Hempers book on gas analysis ; the 
results of anah'ses of the air of Munich are briefly as follows : — 

Kreusler, Oct. 27, 10 exi)eriment8, 20*906 per cent of oxygen. 

18, 6 ,. 20-916 „ „ 

„ July 25, 10 „ 20-912 „ ,, 

Oettel April 6, 4 „ 20*938 „ „ 

A'on Joly found that the composition of the air of Munich varied 
with the direction of the wind, and Lewy {C, ?'.,31, 725 ; 33, 345 ; 
34, 5) found that the air near the Ganges swamps contained 
only 20*4 per cent of oxygen. 

Leduc {An. dc Ch,, 1898, 18) has employed a gravimetric 
method for the analysis of air. Several sticks of phosphorus 
were introduced into a glass globe, which was then exhausted and 
weighed. Dry air was then admitted, the globe was weighed, 
and, after allowing sufficient time for the complete absorption of 
the oxygen, it was exhausted and weighed again. The results 
indicate that the quantity of oxygen in the air varies according to 
locality, distance from the soil, etc., over about 0*1 per cent. 

It appears that the air in wells and quarries in limestone 
districts varies considerably with internal atmospheric conditions. 
It is probable that with a rising barometer the air is forced into 
the porous rocks, oxidising carbonaceous matter and taking up 
carbon dioxide from bicarbonates. When the pressure falls the 
air escapes charged with carbon dioxide, and since the rate of 
diffusion of the latter is considerably lower than that of air, it 
remains in the lower strata, and finds its way in considerable 
quantity into mines and quarries. 

The quantity of carbon dioxide in air varies between 3 
parts per 10,000 over the open sea to 3 parts per 1000 in a 
crowded room. Ammonia is present to the extent of less than 
1 part per 10,000 parts of air. Gautier has shown that 
hydrogen is present in the air of Paris. The constituents of 
atmospheric nitrogen will be discussed later. 

Though the composition of air does not, under favourable 
conditions, vary between very wide limits, it is obvious that it 
should not be used as the standard for comparative physical 

H 
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measurements when any high degree of accuracy is desired. It 
appears, however, that the quantity of the inactive gases in 
atmospheric nitrogen remains constant ; and as this gas is very 
easily obtained, it might well be employed as an empirical 
standard. 



CHAPTER XI 

THE GASES OF THE HELIUM GROUr 

The discovery of argon — Methods of obtaining argon — Separation of the inactive 
gases from nitrogen, etc. — Preparation of argon in large quantity — Helium — 
Th^ rare gases. 

The discovery of argon in 1894 by Lord liayleigh and Professor 
Bamsay, in indicating the probable existence of a class of elementary 
substances apparently devoid of chemical properties, opened up an 
entirely new field of investigation. The history of the discovery 
of argon has been detailed by Professor Eamsay in his well-known 
work The Gases of the Atmosphere ^ and it is only necessary to 
recall here the researches on which the discovery was based. 

In 1785 Cavendish had shown that when sparks from an 
electrical machine were passed through air contained over mercury 
in an inverted U-tube in presence of potash, nitre was produced. 
If, when no further contraction took place in the volume of the 
gas, more dephlogisticated air (oxygen) were added and the 
sparking continued, there still remained, after absorption of the 
oxygen with liver of sulphur, a small quantity of gas. The 
volume of this gas, which was y\ ^ of the volume of the air taken, 
did not diminish on further sparking with oxygen. 

Cavendish's experiment appears to have been entirely over- 
looked; but in 1894 Lord Eayleighs discovery that the density 
of atmospheric nitrogen was about half of one per cent higher 
than that of nitrogen from chemical sources, gave fresh indication 
of tlie existence in air of some hitherto undiscovered gas. The 
investigation of the cause of this anomaly carried out conjointly 
with Professor Eamsay led to the discovery of argon. 

It had long been known that when metallic magnesium was 
burnt in air it entered into combination with the nitrogen as 
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well as with the oxygen, forming a mixture of the oxide and 

nitride. 

4Mg + 3N., = 2Mg.,N3. 

This principle was first applied by Eamsay and Eayleigh to 
the preparation of argon {Phil, Trcuis., 1895, 187), and although 
the process which they employed is no longer in use it is of con- 
siderable historical interest. 

Atmospheric nitrogen, obtained by drawing air over red-hot 
copper, was passed through a hard glass tube, filled with magnesium 
sliavings and heated in a combustion furnace ; the residual gas 
was collected over water in a gasholder. The progress of the 
reaction was easily followed by watching the glow in the tube 
caused by the combustion of the magnesium. When the magnesium 
was exhausted the gas in the tube was carried over into the gas- 
holder, which now contained nitrogen rich in argon, by a more 
rapid current of nitrogen. The nitrogen was passed backwards 
and forwards over magnesium till it was reduced to about one- 
fortieth of its original bulk. 

In order to remove the remaining traces of nitrogen, hydrogen, 
etc., from the argon, it was circulated for some hours through tubes 
containing red-hot magnesium and copper oxide, soda-lime and 
pentoxide of phosphorus. The apparatus employed is shown in 
Fig. 69. 

The gas was contained over mercury in a reservoir A, with two 
outlets, one at the top and one at the side some little distance 
from it. The tubes C and B were of hard glass, and contained 
respectively magnesium turnings and copper oxide partially 
reduced; the tubes were heated to a dull red heat in small 
tube -furnaces. The tubes D and E contained soda-lime and 
pentoxide of phosphorus ; the latter served to absorb water 
vapour, which would otherwise have reacted with the magnesium, 
producing hydrogen. The gas was made to pass in a continuous 
stream through the tube and reservoir by means of the apparatus 
shown on the right-hand of the figure, and first described by 
Prof N. Collie (Chem, Soc, J,, 1889, 110). Mercury from the 
reservoir G fell in drops down the capillary tube H into 
the chamber K, causing a continuous current of the gas to 
flpw in the same direction. The mercury escaped from K 
through the tup L, which was so regulated that it flowed in a 
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steady stream into the veasel M, which was eoimectetl by a 
capillary tube N with the tube O, which was partially immersed 
in the mercury in the reservoir G, and was connected with a 
water-pump through P. A piece of rusty iron wire, twisted and 
inserted in the lower opening of the capillary tube, prevented the 
mercury flowing out of K from completely closing it, so that as 
soon as the mercury came into contact with the upper lip of tlie 
opening it was carried by the air in a shower of minute pellets 
through the capillary tube into the reservoir O. This process 



T 



would go on continuously for hours without aiiy attention, so 
long as the iron wire was properly adjusted and the flow of 
the mercury t-aiefully regulated nt the commencement of the 
experiment. 

In order to remove tlie air originally contained in the tubes, 
and to recover the ai^on i-emaining in them at the end of the 
experiment, the apparatus was connected with a mercury-pnmp 
through the tube K. Before exhausting the apparatus all stop- 
cocks were closed ; the tubes containing the magnesium and 
copper oxide were then heated, and the exhaustion was continued 
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until the magDesium ceased to give off gae. The stopcock con- 
nected with the pump wae then closed, and the stopcock connected 
with the top of the reservoir was turned so as to admit gas 
to the apparatus; any trace of mercury contained in the tuhe 
was caught in the bulb T. The second stopcock was then 
opened, tlie level of the mercury was adjusted, and the circula- 
tion was allowed to proceed. It was only necessary to readjust 
the level of the mercury in the reservoir, or to introduce more 
gas into it from time to time during the course of the experiment. 
.Since the tube containing the magnesium almost invariably 
cracked on cooling, it was necessary to remove the gas from it 
by closing all the stopcocks and exhausting the apparatus by 
means of the pump. 

Absorption of Nitrogen by means of Calcium. — Macquenne 
has shown that when pure lime is heated with magnesium dust 
ciilcium is produced, and that this metal absorbs nitrogen with 
great rapidity. Absorption of the nitrogen by calcium has com- 
pletely replaced the method of circulation over magnesium as a 
process for the preparation of small quantities of argon from 
atmospheric nitrogen, and for purifying the inactive gases 
generally. 

Precipitated chalk is heated on a plate in a muffle furnace 
for some hours, and is then scraped into a basin and allowed to 
cool in a desiccator. The lime so obtained is thoroughly mixed 
with about tliree-fifths of its weight of magnesium dust by shak- 
ing in a stoppered bottle. The lime must be quite free frtmi 
varbonatf. or ht/ihate, and the mixture must be kept very dry, 
otherwise a serious explo- 
sion may occur when it is 
heated. 

A quantity of the 
B mixture is confined between 
plugs of glass wool in a 
hard glass tube, which is 
drawn out at the ends so 
that it can be connected 
rjc_ 7Q_ by means of rubber junc- 

tions with the two gas- 
holders in the apparatus shown in Fig. 70. Tlie gas to be treated 
is contained in the gasholder A, and if the quantity of inactive gaa 
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i3 likely to be small the second gasholder may be dispensed with, 
and the gas taken directly into the pump through the stopcock C. 

The tube is heated to a dull red heat in a tube furnace so 
long as any quantity of gas can be removed. The evolution of 
gas, which consists of hydrogen and carbon monoxide, never 
entirely ceases, but it is easy to remove traces of these gases by 
passing the gas over heated copper oxide, or better, by sparking 
it for a short time with oxygen. Before admitting the gas from 
the reservoir A the tap C must be closed ; the flow of the gas 
must be carefully regulated, as the heat generated by the com- 
bustion of the calcium is considerable, and there is some danger 
of melting the tube. After a short time absorption may cease 
on account of the tube becoming tilled with inactive gas. The 
gas may then be allowed to flow into the gasholder B, or the 
stopcock leading into A may be closed and the gas removed 
through the pump. In the latter case the gas in the tube should 
be allowed to remain in contact with the calcium for a short time 
before the stopcock C is opened. 

A single passage of the gas over the heated calcium is 
sufficient for the complete absorption of the nitrogen, and the gas 
may be completely purified by sparking for about five minutes 
with oxygen. In this way it is possible to demonstrate on the 
lecture table as a quantitative experiment the preparation of argon 
from air. 

Absorption of NriROGEX by Lithii:m. — Guntz (C. r., 1896, 
123, 995) has shown that lithium absorbs nitrogen rapidly even 
at ordinary temi)eratures. Since, however, the metal attacks 
glass rapidly below a red heat the application of tlie method is 
attended with considerable difticultv. 

Sparking with Oxygen. — The discoveries of Priestley and 
Cavendish have already been referred to, and it remains to 
describe the practical application of their methods as a means 
of purifying the inactive gases. In their original investigation 
of atmospheric air Professor Ramsay and Lord Eayleigh employed 
a modification of Cavendish's method as a means of obtaining 
argon, and later Lord Eayleigh obtained about two litres of 
argon by the same method. In order to save time, however, it 
is usual to pass the gas over heated calcium, and to employ the 
method of sparking only as a means of removing the last traces 
of the active gases. 
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It is inconveDient to treat more than about 40 cc. of gas at 
a time, unless much nitrogen is present. About that quantity 
of gas is mixed with about 1 e.c. of 
oxygen in a tube capable of holding 
80 c.c The points between which 
the sparks are passed are of stout 
platinum wire fused (Fig, 71) through 
the ends of glass tubes wliicli are 
about 5 mm. in diameter, and are 
bent into a close U, so that the longer 
limb remains open. The open limbs 
fit tightly through holes bored in a 
cork, which keeps them in place. The 
tubes are filled with mercury, wliich 
serves to conduct the current to the 
platinum points. 

Oq account of the intermittent 

nature of the discharge from an 

induction coil, working with a constant 

current in the primary circuit, one of 

the points liecomes very hot, while the 

other remains comparatively cool. For 

this reason one of the wives is uiade. 

about three times the length of the 

.. other, and is |hent as in the figure ; 

' this point is always made the cathode. 

The spark points are introduced into the tube containing the 

gas while it is standing in a mercury trougii (Fig. 28); the tube 

is held in a screw clamp, and the glass tubes which hold the 

points are attached to it by a turn of wire so that the points 

themselves lie near the top of the tube, A small quantity of 

potash is introduced into the tube through a curved pipette, and 

the connections made with the terminals of the coil. 

An Apps induction coil, giving with four secondary cells u 
six-inch spark throx^h air, gives very satisfactory results. When, 
however, it is available the alternating current may be used with 
effect. The leads from the main are connected with the primary 
terminals of the coil through an iron wire resistance, so that tbo 
current is reduced to about 5 amperes. The -contact breaker is 
then screwed back against the adjustable screw so as to place it 
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out of action. When working, the coil emits the well-known 
" transformer hum," and the result is to produce a very hot flame 
between the spark points. Since in this case there is no polarity 
in the nature of the secondary discharge both terminals become 
equally heated. 

The sparking is usually continued for three or four hours 
after contraction has ceased, and, if necessary, more oxygen may 
be added to the gas as occasion demands. At the end of the 
operation the spark points are removed, the gas separated i'rom 
the potash (p. 80), and the oxygen absorbed by means of phos- 
phorus (p. 84). 

Lord Eayleigh {Ch. Soc. Jour., 1897, 181) has described a 
process for the preparation of argon on a large scale by sparking 
atmospheric air with oxygen. 

Production of Argon on a large scale. — In the early part of 
1898 Professor Eamsay and the author undertook the preparation 
of 15 litres of argon in order to investigate the homogeneity of 
that gas. The following account of the process employed is 
quoted directly from the Proceedings oj the Hoycd Society (vol. Ixiv. 
1898, 183). 

In order to prepare 15 litres of argon it is necessary to 
deal with about 1500 litres of atmospheric air, of which 
approximately 1200 litres consist of a mixture of nitrogen and ^ 
argon. To absorb the nitrogen conttiined in this quantity of 
gas by conversion into nitride, 4 kilograms of magnesium would 
be required theoretically, but in order to cover loss through 
leakage and incomplete action, 5 kilograms of the metal were 
employed. The absorption of the oxygen and nitrogen was 
conducted in three stages. In the first, the oxygen was removed 
by means of metallic copper ; in the second, the nitrogen was 
passed twice over metallic magnesium ; and in the third, the 
gas, now rich in argon, was finally freed from nitrogen and 
hydrogen by passage over a mixture of anhydrous lime and 
magnesium powder heated to a red heat, and subsequently over 
red-hot copper oxide. T^e apparatus employed is shown in 
detail in the annexed figure (Fig. 72). 

It was, of course, necessary to confine the gas over water 
between the successive stages of purification, and finally to store 
the gaseous argon in the same way. On account of the consider- 
able solubility of argon in water, this would have entailed no 
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small loss if the quantity of water with which it had been 
brought into contact had been large. We consequently decided 
to make use of gasholders of the gasometer type, in which the 
water was contained in an annular space of small capacity. 
Balance weights were attached to cords passing over pulleys, and 
served to relieve the pressure on the gas due to the weight of the 
gasometer. As the volume of the gas decreased after each 
successive stage, the four gasholders employed were of different 
sizes: the capacity of A was about 180 litres; that of B, 27 
litres ; and of C and D, each 1 8 litres. 

Atmospheric nitrogen was obtained by drawing air, freed 
from carbon dioxide by passage through caustic soda solution, 
over heated metallic copper. A large iron tube F, 3 feet 6 inches 
long and 3*5 inches in diameter, containing 25 lbs. of scrap 
copper, was connected with the gasholder A ; the tube was 
heated in a long fire-brick trough during these experiments, but 
a gas-furnace, which is shown in the figure, has now been 
substituted for the more primitive arrangement. 

The time required to fill the gasholder was usually about 
five hours, and it was found, on analysis of the gas, that one 
single operation sufficed for the complete removal of all oxygen. 
The oxidised copper was reduced between each operation by 
means of coal-gas. 

By closing the stopcock h, and opening the stopcock c, 
the gasholder A could be placed in communication with the 
apparatus in which the preliminary absorption of nitrogen took 
place. By placing weights on the top of the gasholder the 
nitrogen was driven through the vessel M and the U-tube N, 
both of which contained strong sulphuric acid, into the tube G, 
which contained magnesium. This tube was a piece of steam- 
barrel, I'o inches in diameter, connected at each end by a 
reducing socket with an iron tube, 0*25 inch in diameter. The 
tube contained 250 grams of magnesium, cut into coarse 
shavings in a shaping machine ; the magnesium was not pressed 
very tightly into the tube. Since after each operation it was 
necessary to remove the sockets in order to clear the tube, the 
joints were luted with red lead, and the tube was made of 
sufficient length to project about 3 inches at each end of the 
furnace. 

The greater part of the nitride was generally removed by 
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using an iron rod, and tbe remainder by means of water, which 
converted it into the hydroxide. The tube was raised to a 
bright red heat before connecting it with the U-tube 0, in order 




to allow the greater part of the hydrogen occluded by the 
magnesium to escape. The absorption of tlie nitrogen, which 
was indicated by the rate of flow of the gaa thmugh the U-tubes 
N" and 0, was maintained briskly until practically the whole of 
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the magnesium was converted into nitride ; the volume of the 
gas absorbed was equivalent to half the capacity of the large 
gasholder. 

The gas, after leaving the U-tube 0, passed through a second 
iron tube H containing copper oxide ; next, through the vessel 
P, in which water condensed ; and it finally collected in the 
gasometer B. That which passed during the first stages of the 
process consisted of nitrogen containing much argon ; but towards 
the end of the operation the argon became much diluted, until 
finally the gas which passed through the U-tube O consisted 
almost entirely of atmospheric nitrogen. The tube G was then 
replaced by another containing a fresh supply of magnesium. 

The tap c was then closed, and the taps d and e turned, so 
that the gas in the gasometer B could be made to flow through 
the magnesium and copper oxide tul)es into the gasometer C. 
In tliis process its volume was very much reduced, and the gas 
which collected in (' probably contained iis much as 25 per cent 
of argon. When the whole of the gas had been expelled from B, 
the taps d and e were again turned, and atmospheric nitrogen 
was allowed to flow tlirough the magnesium tube, as in the first 
stage of this operation. 

When the gasometer C had become full of the mixture of 
nitrogen and argon, as it did at the end of every third or fourth 
operation, it became necessary to reduce its volume by further 
absorption of nitrogen. The method employed, which was first 
described by Maquenne,^ consisted in passing the gas through a 
hard glass tube containing a mixture of magnesium powder and 
lime, heated to a dull red heat in a combustion furnace. The 
lime was obtained by thoroughly calcining precipitated chalk in 
a muffle. The nitrogen continued to be completely absorbed as 
long as calcium remained unattacked, so that the product of this 
operation consisted of pure argon. The gas issuing from the 
calcium tube passed through a tube S, containing soda-lime, and 
over copper oxide in the tube L, on its way to the gasometer D. 
Since at the end of the operation the system of tubes between 
the gasholders C and D contained argon, in order to avoid loss, 
the circuit was placed in communication with a Topler pump T, 
through the stopcock l\ The space between the stojxjocks I 
and / was exhausted at the commencement of the operation, the 

^ Corny, reml., 1895, 121, 1147. 
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exhaustion being continued till the greater part of the hydrogen, 
which is always evolved when a mixture of magnesium and lime 
is heated, had been given ofl*. 

When it was necessary to suspend operations, the taps / and 
/ were closed, the tap h was opened, and the argon was taken 
into the pump and delivered into the vessel V which covered 
the upturned end of the capillary tube of the pump. From V 
the argon could be drawn into the small gasholder E, which 
contained mercury, and which could also be placed in commimi- 
cation with the system through which the gas passed on its way 
from C to D. 

These operations were repeated until the gasholder 1) con- 
tained about 1 5 litres of argon. 

Helium, — In 1889 Hildebrand observed that when certain 
uranium-containing minerals were boiled with sulphuric acid a 
quantity of gas was evolved {Bitll. U.S. Geological Siaxey, 78, 83). 
The gas was supposed to be nitrogen, as its spectrum showed 
the characteristic fluting, and, consequently, it was not further 
investigated. 

Early in 1895, about three months after the publication of 
the discovery of argon, Mr. Miers of the British Museum called 
Prof. Itamsay's attention to Hildebrand*s paper, suggesting that 
the gas might prove to contain argon. A specimen of clevite 
was obtained and heated with dilute sulphuric acid m voAmo ; 
the spectrum of the gas was found to contain the line 1)^(X = 
5876), observed by Janssen in 1868, and attributed by Lockyer 
to a solar element of low density to which the latter gave the name 
helium. This name was retained for the newly discovered gas.^ 

The method of heating the helium -yielding minerals with 
dilute sulphuric acid in order to obtain the gas is found in 
practice to be very inconvenient, unless a large quantity of the 
mineral is to be treated. The mineral must be giound to a very 
fine powder, and it is necessary to continue the operation for 
several days in order to completely decompose it, and so obtain 
the whole of the helium. It was subsequently found that a 
quantity of the gas was evolved by the action of heat alone, the 
evolution commencing but slowly at about 200°, and taking 

^ A full accoant of the properties of helium will be found in a paper by Prof. W. 
Rainsay {An, Ch, ei de Ph., 1898, series vii. 13). A list of the most important papers 
dealing with this gas is appended. 
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place rapidly at a bright red heat. It is interesting to note that 
almost exactly half the helium contained in the mineral is evolved 
by the action of heat alone {Proc. Roy. Soc, December 1898), and 
further, that in some cases the evolution of the gas appears to be 
accompanied by a considerable evolution of heat {Proc, Roy, Soc., 
Jaiiuary 1898). These facts have been taken to indicate that 
the helium exists in the minerals, from which it is evolved by 
the action of heat, in a state of combination. On heating the 
minerals in vacuo the gas appeared to be evolved rapidly at first, 
particularly in the case of endothermic "minerals, then more slowly, 
and finally appeared to cease altogether. 

It is probable that the helium is associated in the mineral 
with a small quantity of argon and perhaps with a trace of 
nitrogen. In one case only has helium obtained directly from 
minerals been found to have a density less than 2-18. Langlet 
{Zcit, All. Chem,, 10, 1895, 819) obtained a sample of density 
2'00 by fusing the mineral clevite with acid potassium sulphate ; 
but the gas probably contained hydrogen as it was purified by 
passage at low pressure over heated copper oxide. A separation 
of pure helium, density 1*98, from the gas obtained by the action 
of heat on minerals can be accomplished by the method of 
fractional diffusion, p. 289 (Proc. Roy. Soc., 60, 206), and by 
other methods which will be described later. 

A number of minerals have been found to yield helium in 
considerable quantity (Chem. Soc. t/r., 1895, 685 ; Proc. Roy. Soc, 
1898, 64, 131). The following figures indicate the quantities of 
the gas obtained, and as clevite can be obtained at about £1 
per kilo, the cost is not excessive : — 



Mineral. j Locality 



Clevito 



Fergusonite 



Sweden 



1} 



Coiiipositiun. 



Oxides of uraDiuni 
and lead, with 
oxides of rai-e 
earths 

Niobate of yttrium 
and cerium 



Helium in c.c. per gram of mineral. 
By action or boat. ' .Sulphnric acid. 



1-487 



1-041 



8-201 



About 2c.c., but 
very difficult to 
decompose 



The preparation of Helium. — (a) By the action of heat upon 
minerals. 
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The mineral is reduced to powder in an iron mortar and 
passed through a sieve. The apparatus employed is shown in 
Fig. 73. 

The powdered mineral is placed in the tube a, which is 
either of hard glass or iron. If a glass tube is used it is 
drawn out at the end and connected with the rest of the 
apparatus by a rubber junction (p. 19), but if the tube is 
of iron the end is closed by a rubber stopper surrounded by 
a short water-jacket. The ap- 
paratus is connected with a 
mercury-pump through the stop- 
cock d and with the reservoir/; 
the flask e contains sticks of 
solid potash to absorb water, 







Fig. 73. 



carbon dioxide, and compounds 

of sulphur, and the syphon 

manometer c serves to indicate 

the pressure in the apparatus. 

For the preparation of large 

quantities of helium the reservoir 

/ contains boiled potash solution, 

and when working with small 

quantities of the mineral a layer of potash is introduced above 

the mercury in/. 

After thoroughly exhausting the apparatus the mineral is 
slowly heated, and as soon as the pressure in the apparatus 
becomes equal to the atmospheric pressure connection is made 
with the reservoir / The evolution of gas usually continues 
for some hours, and, indeed, although it at length becomes very 
slow it appeai-s never to cease altogether. At the end of the 
operation the stopcock on the reservoir is closed, and the gas 
contained in the apparatus is removed through the pump. 
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For the preparation of very small quantities of helium the 
mineral may be heated in a tube directly connected with the 
pump. For the quantitative determination of tlie yield of helium 
from a mineral the liard glass tube should be well packed with 
glass wool, to prevent traces of the powder from being carried 
away by the gas. 

By the action of heat alone it would appear that only about 
one-half of the helium present in the mineral is given off, and in 
order to obtain the whole of the gas it is necessary to decompose 
the mineral by chemical processes. Heating with dilute sulphuric 
acid or fusion with acid potassium sulphate are the methods which 
 yield the best results. 

The second method requires the shortest 
time, but the decomposition of the mineral is 
never complete. Tlie powdered mineral is 
heated in a hard glass tube or flask, attached 
to the apparatus already described, with an 
etjual weight of acid potassium sulphate ; the 
sulphate must l>e free from nitrate, and should 
be fused and powdered befoi-e it is used. The 
mixture froths considerably when it is heated, 
and consequently the flask or tube must never 
be more than half iilled with it. 

The decomposition of the mineral with 
dilute sulphuric acid (one in four of water) is 
more complete, but the time required is usually 
a week or even longer. The mineral is placed 
in a round bottomed flask a (Fig. 74) with a 
tapered neck. A rubber stopper, which passes 
some way into the neck of the flask, has two 
holes bored in it for the passage of a short 
I condenser and a tap-funnel. Mercury is poured 
into the siiace above the rubber stopper to 
reuder all the junctions air-tight. The ap- 
paratus communicates, through a tap at the 
top of the condenser, with the mercury-pump, 
which should be without a phosphonis pentoxide tube. 

The apparatus is exhausted before the dilute acid, which 
should be previously boiled, is admitted ; to facilitate the removal 
of the last traces of air, carbon dioxide may be admitted through 
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the tap-funnel and removed by exhaustion two or three times. 
The flask is heated on a water-bath, and the gas which is evolved 
may be removed by opening the tap communicating with the 
pump. 

• Edimation of the total heliuvi present in a mineral. — The 
mineral is heated in a sealed tube with dilute sulphuric acid, and 
the gas is collected by the method described on p. 35. The 
complete decomposition of the mineral often requires some days 
at 150' C. 

The discovery of helium and argon (p. 99) gave rise to the 
questions : — " Are these substances homogeneous? " and " Are they 
the only members of the group to which they belong ?" Assuming 
that these gases are monatomic, as is indicated by their having 
the ratio 1*66 for their specific heats, their atomic weights are 
4 and 40 respectively, and they occupy the positions indicated 
in the periodic table of the elements. This being the case, it 
appeared highly probable that there should exist a similar element 
X of atomic weight 20, and others Y and Z of higher atomic 
weight, occupying positions next to bromine and iodine. The 
search for these elements, and the working out of their physical 
properties, occupied five years, but it is now proved conclusively 
that there exists a series of five gaseous elements of which the 
atomic weights are in accordance with those predicted by the 
periodic law (Phil, Trans. 1901, vol. cxcvii. 47). 



Table of Atomic Weights 



Hydrogen 


1 


Helium 


3-96 


Lithium 


7 


Fluorine 


. 19 


Neon 


. '20 


Sodium 


23 


Chlorine 


. 35-6 


Argon 


. 40 


PotiLssiuni 


39 


Bromine 


80 


Krypton 


. 82 


Rubidium 


86-5 


Iodine . 


127 


Xenon 


. 128 


Caesium 


133 



Shortly after the discovery of helium, it was shown by Eunge 
and Paschen that the lines of its spectrum could be divided into 
two sets, and that each set consisted of a primary and two sub- 
ordinate series of lines of which the vibration frequencies could be 
expressed by a logarithmic formula. They attributed this to the 
presence of two substances in the gas, and from analogy witli 
known cases they assigned the spectrum which was the more 
displaced towards the violet, to the lighter gas. The two 

I 
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elements they named helium and parhelium ; the spectrum of 
the first contained the line D^ (X = 5876), while that of the 
second contained the bright green line (X=5016), which is 
next in brilliance to the yellow line. In proof of their theory 
they showed that when clevite gas was allowed to enter a vacuum 
tube through a porous plug, the glowiug gas emitted a brilliant 
green light, and the green line was the strongest line in the 
spectrum. This they attributed to the separation of the lighter 
gas by diffusion. 

Though the fact that the spectrum of helium contains two 
sets of lines, or rather that the two spectra of helium exist with 
almost equal brilliance under one set of conditions (their relative 
intensities being merely modified by change of pressure), remains 
unexplained, the conclusions drawn by Eunge and Paschen hAve 
been shown to be fallacious. The change in the nature of the 
glow can be brought about by change of pressure alone {Proc, Scyy. 
Soc, 1897, 60, 449), and indeed the tube of parhelium exhibited 
at the British Association meeting at Ipswich in 1897, contained 
the gas under so low a pressure that it phosphoresced (p. 311). 

That helium does not consist of two constituents can be proved 
in the following manner. When the electric discharge is passed 
through the gas in a vacuum tube with platinum electrodes, the 
platinum volatilises and is deposited on the glass. The metal, 
which appears to be amorphous, absorbs the helium during its 
deposition, and the glow in the tube becomes green in colour. 
If this change were due to the removal of one of the constituents, 
the g«is which is absorbed by the platinum, and which can be 
obtained by heating the tube with a Buusen burner, should give 
the yellow spectrum only ; but this is not the case. Further, it 
should be possible to obtain at least a partial separation of the 
constituents by the process of fractional diffusion, or by fractional 
solution in water, or in liquid oxygen. Experiments in this 
direction (p. 310) have led to the conclusion that the gas from 
clevite, or other minerals, contains only helium with a very small 
quantity of argon. 

The search for the missing elements in the gases evolved 
on heating minerals, meteorites, etc., in those from natural waters 
and from mineral springs, was without success, and about the 
end of 1897 it appeared that all available sources were well-nigh 
exhausted. : 
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There remained, however, the possibility that the missing 
element or elements might exist in atmospheric air — a constituent 
of the so-called ai'gon, for, as Dr. Johnstone Stoney has pointed out, 
it is possible for a planet of the mass of the earth to retain on 
its surface gases of density 9, the density of water vapour. Some 
time previously we had discussed the possibility of separating the 
possible constituents of argon by the process of fractional distilla- 
tion, and of determining the nature of the substance which, 
according to Olszewski, separated from helium when that gas 
was compressed and allowed to expand at the temperature of 
liquid air. As we had no means of obtaining liquid air we were 
at the time obliged to abandon the project. 

About the time referred to, Dr. W. Hampson kindly offered to 
supply us with liquid air, and in February 1898 we commenced 
the preparation of a large quantity of argon (p. 105) for the pur- 
pose of the investigation. By the end of May, about 15 litres 
of the gas had been obtained, and on fractional distillation it 
yielded a quantity of a gas of density intermediate between that 
of helium and argon. This gas, to which we gave the name neon, 
was afterwards shown to contain a small quantity of helium 
(p. 217). 

While these experiments were in progress, about the middle 
of May 1898 we obtained about a litre of liquid air for the pre- 
liminary experiment. The liquid was allowed to evaporate, and 
when only a few cubic centimetres remained, the gas was collected 
in a gasholder. After removing the oxygen and nitrogen, the 
residual inactive gas was examined spectroscopically ; the spectrum 
was that of argon, but beyond this two brilliant lines, one yellow 
and one green, were observed. 

This gas we at first supposed to consist of argon mixed with 
a heavier gas, to which we gave the name krypton. Subsequently, 
however, we found that there were two heavy gases present, and 
to the denser we gave the name xenon (p. 219). 

The methods by which these gases were septtrated and puri- 
fied are detailed elsewhere, and it is only necessary to state here 
that they all appear to be chemically inactive, though it is prob- 
able that under certain conditions of temperature and pressure 
helium would combine with one of the constituents of the 
minerals from which it is obtained, and in which it is probably 
present in a state of combination {Prcc, Roy. Soc. 62, 325 ; 64, 
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130). It must be remembered that mercury, which somewhat 
resembles the rare gases with regard to its low boiling-point and 
monatomic character, would be chemically inactive at 1000° C: 

A. M. Kellas {Proc, Roy, Sac, 69, 66) and Th. Schloesing jr. 
(G. r, 121, 605) have independently determined the quantity of 
argon (containing neon) in atmospheric nitrogen. In 100 c.c. 
of nitrogen Kellas found 1"186 c.c. of argon, which agrees 
with the number 1'183 given by Schlcesing. This quantity 
of argon is just sufficient to account for the difference between 
the densities of atmospheric and chemical nitrogen. 

It is difficult to form a very exact estimate of the quantities 

in which the individual gases are present in the atmosphere. 

From the quantities of the gases obtained by the distillation of 

atmospheric air, or of argon, the following numbers have been 

taken : — 

Helium 1 to 2 parts per 1,000,000 of air 
Neon 1 to 2 „ 100,000 „ 

Argon 0-937 „ 100 „ 

Krypton 1 „ 1,000,000 „ 

Xenon 1 ,, 20,000,000 „ 

It is highly probable that the helium quickly passes out from 
our atmosphere into space — at least the speculations of Dr. John- 
stone Stoney lead us to believe that this would be the case with 
a gas of so low a density. The quantity of helium, which is 
continually being given off by mineral springs, is, however, 
enormous, so that it is probable that the amount present in the 
atmosphere does not tend to diminish. 



CHAPTEE XII 

THE DETERMINATION OF DENSITY 

Choice of a standard — Direct and indirect methods — The density globe and counter- 
poise—Change of volume in density globes — Weighing — Densities of small 
quantities of gases, methods of manipulation, calculation of results — Sources 
of error— Density of water — Historical — Rayleigh's reseai-ches— Leduc's re- 
searches — Morley's researches — Review of results- Indirect detennination of 
density, Schlcesing's hydrostatic "method" — Avogadro's hypothesis. 

The density of any substance is usually defined as the ratio of 
the mass of it which fills unit volume to the mass of unit volume 
of some standard substance. 

The densities of gases, like those of solid or liquid substances, 
are ultimately referred to the density of water (p. 127), or are ex- 
pressed in terms of the standard units of mass and volume, the 
Paris kilogram and litre. 

Since, however, the relative densities of gases approxi- 
mate closely to half their relative molecular weights, it is con- 
venient to express them, not only with regard to water, or in 
terms of grains per litre, but also with regard to some standard 
gas. 

Since hydrogen is the lightest known gas, it would be con- 
venient to take it as a standard, and to consider its density as 
unity. On the other hand, on account of the great difficulty in 
determining its density correctly, it has been found more con- 
venient to take the density of oxygen as 16, and to calculate the 
densities of other gases on this basis. 

In determining the mass of unit volume of a gas, or the relative 
densities of two gases, it is further necessary to take into con- 
sideration the conditions of temperature and pressure under which 
they are confined, and since all gases do not expand and contract 
equally with equal changes of temperature and pressure, the 



1 I 8 EXPERIMENTAL STUDY OF GASES chap. 

densities should be expressed not only under definite conditions, 
but under standard conditions. Densities of gases are usually 
stated at the melting-point of pure ice, under a pressure equiva- 
lent to 760 mm. of mercury, at sea-level in the latitude of Paris. 
A correction for the value of the gravitation constant must be 
applied to results obtained in different parts of the globe, in order 
to render them directly comparable (p. 1). 

The determination of density by the direct method consists 
in weighing the gas in a globe of known capacity under definite 
conditions of temperature and pressure. The globe in which the 
gas is weighed consists of a spherical glass bulb sealed to a 
capillary glass stopcock which should be very carefully worked. 
In order to eliminate errors due to changes in the atmospheric 
temperature and pressure, and consequently to cliauge in the 
buoyancy of the globe, a closed bulb having the same external 
volume as the density globe is used as a counterpoise during the 
weighing. Further, since the weight of the globe varies some- 
what with atmospheric conditions owing to the condensation of 
moisture on its surface, and since this condensation appears to 
depend upon the chemical composition of the glass, both the globe 
and counterpoise should be made of the same glass. This is par- 
ticularly important in the case of small bulbs, where the surface 
of the glass is relatively large. As a matter of convenience, both 
the globe and counterpoise should be as nearly as possible of the 
same weight. 

Dimensioiis of the wcighinfi globe. — The accuracy of the result 
will, of course, in a great measure depend on the quantity of gas 
to be weighed, and consequently upon the volume of the weighing 
globe. With a good balance there should be no difficulty in weigh- 
ing to 000005 gram., with a mass of 20 grams, on each pan, and 
it should therefore be possible to determine the density of air to 
within 0*2 per cent, or of helium to within 1 per cent accuracy, 
using a globe holding 30 c.c. A globe of 33 c.c. capacity was 
actually used in a large number of determinations of the density 
of helium and neon with satisfactory results ; in weighing xenon 
a globe of 7 c.c. capacity was employed. A globe of 160 c.c. 
capacity was used in the case of argon, and for gases which could 
be obtained in quantity. 

DeterwAiiation of the capacity of tlw globe. — If the gas is to be 
introduced into the globe at the atmospheric temperature, its 
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capacity may be determined at about 16°; the expansion of the 
glass may be neglected. 

The globe should first be thoroughly cleaned and dried, and 
the stopcock lubricated, taking care that the hole in the plug 
is free from grease ; it should then be exhausted and weighed. 
After weighing, the globe should be filled with boiled water, and 
suspended in a basin of water for an hour or more at constant 
temperature. After observing the temperature, and closing the 
stopcock, the water should be removed from the capillary tube 
above the tap, and the bulb carefully dried and suspended from 
the balance for the second weighing. The weights which are 
employed in the determination of the capacity of the globe must, 
of course, be reduced to the same standard as those which are 
used in weighing the gas. The results then express the density 
of the gas relatively to water (see also p. 227). 

Change in volume of density globes. — It is well known that 
glass vessels continue to contract for some time after they are 
blown, and it appears probable that 
a considerable change may take place 
in the volume of a density globe, 
particularly if it is allowed to remain 
exhausted for a considerable time. A 
globe of capacity 33 c.c. was found to 
have suffered a considerable contrac- 
tion between May and October in 
1895. It had remained exhausted 
during the greater part of the sum- 
mer, and when its volume was rede- 
termined in 1898 a further decrease 

« 

in volume was observed. 

Tlie weights. — Although the de- 
termination of the density of a gas 
really implies the determination of 
the weight of unit volume, it is quite 
unnecessary that the absolute values 
of the weight should be known, since 
the volume of the density globe is 
determined from the weight of water 
which it contains. It is, however, necessary that their relative 
values should be determined. 




Fig. 75. 
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Lord Eayleigh {Proc. Roy. Soc. 63, 362) has pointed out that 
a considerable error is incurred by neglecting to correct for the 
loss of buoyancy of the weighing globe (hie to contraction on 
exhaustion. The contraction of the globe is easily determined in 
the following manner: — The bulb is placed as in Fig. 75 in a 
desiccator with a ground glass lid, so that the neck passes through 
a rubber-cork fitting into the hole in the lid ; a graduated glass 
tube also passes through the cork. Tlie outer vessel is filled with 
water, and the position of the liquid in the graduated glass tube 
noted. The bulb is then exhausted, and the decrease in vohime 
measured bv determining the fall of tlie column of water in tlie 
tube. The vessel must be covered with powdered ice, or kept at 
constant temperature during the operation. 

The following figures give an idea of the magnitude of this 
correction : — 



Volume of Hiilb. 



' Ramsay . 

Bayleigh 

'.Morley . 

I Morley . 



162-782 cc. 
1800 
879:3-9 

21.'if.7-8 






DpcrPaso of 
Volume. 



0-0212 c.c. 

o-2ri ,, 

1-44 „ 
8-07 .. 



Correction in 
Grams. 



0-000027 

o-ooor.6 

0-00186 
0-01041 



The correction may be added directly to the observed weight 
of the gas contained in the globe. 

Morley (p. 130) applied the correction by constructing two 
small globes, having the same weight in vacuo, whose volumes 
differed by the amount of the contraction of the weighing globe 
on exhaustion. These globes were suspended from the balance 
when the density globe was weighed empty. 

The densities of the rare gases were determined by weighing 
them in globes of capacities 16li c.c, 3o c.c, and 7 cc respect- 
ively. The apparatus employed (Fig. 76) and the methods ot 
manipulation are as follows. 

The burette A, which is intended to receive the gas, is con- 
nected with the reservoir I), and with a side-tube B, which lies 
close to it. The upper part of the burette is made of the same 
diameter as the side-tube, that is to say, about 7 mm., in order to 
eliminate the correction for capillarity. A glass scale is placed 
directly behind the instrument, which may be attached to it by 
means of wire and pieces of cork. 
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By means of the two-way stopcock a the burette may be placed 
in communication with the density bulb, which ia attached by 
means of a piece of rubber tube {p. 
19) to the tube 0, and with the - 

pump through the stopcock c. The ^Q] 
tube C may contain pentoxide of 
phosphorna, but this is usually 
unnecessaiy, and if the quantity of I 
gas to be weighed is small and it 
is necessary to economise space, it 
is sometimes dispensed with. Tn the | 
latter case it is replaced by a small 
tube about 1'5 cm. long and mm. 
ill diameter, filled with silver foil, in 
order to prevent small globules of 
mercury from entering the density 
globe. 

The density globe is carefully 
cleaned, attached to c, and exhausted 
by means of the mercury pump. In 
order to prevent dust from settling 
on the globe it is enclosed in a 
cardboard box with a lid through 
which the stem and tap project. 
Subsequently, when the gas is intro- '"' ' ' 

duced, a thermometer ia inserted into the box iu order to 
detennine the temperature. When the exhaustion is complete, 
the tap ou the globe and the tup b are closed, and the globe is 
removed to the balance-case. After hanging for un hour in the 
balance-case it is weiglied. 

The glol)e is then re-attached to the appnrntuH, the tap c 
opened, aud the space between the globe and the tap a exhausted. 
Since a small quantity of the gas remains in the hole drilled in 
the plug of the tap a, the tap h is closed, the reservoir D lowered, 
and the tap a is turned so as to place the burette in communica- 
tion with the pump. It is usual to lower the reservoir so that 
the mercury in both tubes lies a few centimetres below the tap; 
the tap (I can then be turned, and the reservoir placed in it« 
clamp. 

When the exhaustion is complete, the tap of the bulb is ojiened 
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SO as to make certain that no leakage has taken place. The tap 
a is then turned, the mercury allowed to fill the burette and 
side-tube, arid the gas introduced into the burette through the 
syphon. The mercury drawn in after the gas is allowed to fill 
the syphon, but is not allowed to enter the capillary tube below 
the tap. 

By closing the tap c and opening the tap a carefully the gas 
is allowed to enter the bulb. If the tube c contains pentoxide 
of phosphorus it is necessary to open the tap very slowly, or some 
of the powder may be carried over with the gas. If a large 
bulb is used it is necessary to fill the burette four or five times 
with gas. As the gas is usually stored in tubes this is not 
difficult. Sometimes only a small quantity of gas can be obtained, 
sometimes only 10 c.c. In this case the gas is allowed to 
flow into the bulb, the reservoir D being lowered till the mercury 
in the burette comes to rest at the top of the narrow portion. 
The mercury in the reservoir should not be at a lower level than 
the junction of the side-tube with the burette. 

In measuring the pressure on the gas, the tap h is opened, 
and the mercury in the side-tube allowed to fall to the level of 
the mercurj^ in the reservoir. In this operation it is usually 
necessary to close the tap a temporarily, for on account of the 
friction of the liquid in the rubber -tube the mercury in the 
burette may be forced up into c. If plenty of gas can be obtained, 
the mercury in the side-tube is brought to the level of the mercury 
in the narrow portion of the burette, gas being taken into or 
expelled from the burette through the syphon as may lie found 
necessary. If the quantity of gas which can be obtained is 
insuflBcient to fill the globe at full pressure, the mercury in the 
burette is brought to the top of the nan^ow portion by raising 
the reservoir; the difference of level between the two surfaces 
is then read off on the mirror scale. Any final adjustment of 
pressures can be made by closing the tap tJ, and compressing the 
rubber-tube by means of a screw clamp. 

The apparatus is usually allowed to stand at rest for half an 
hour before the final readings of temperature and pressure are 
taken. It is generally necessary to extinguish all gas-burners, 
and to keep the door of the room closed during the operation. 

After taking the readings, the tap on the globe and the tap a 
are closed, and the reservoir raised to expel air from the side- 
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tube. The tap b is then closed, the reservoir lowered, and the 
tap d closed ; the taps a and c are opened, and the whole of 
the gas which had not been introduced into the globe is removed 
by exhaustion. In this way it is possible to recover even the 
gas contained in the hole in the tap. The taps a and c are 
then closed, and the globe is removed to the balance-case, where 
it is allowed to remain for an hour before it is weighed 

After weighing the globe, it is again attached to the apparatus, 
and after removing the air from the space C, the gas is pumped 
out and collected. The globe ctm now, if necessary, be weighed 
again. 

The weight of one litre of the gas can be calculated from the 
formula — 

„, w (273 + 760 ,^^^ 

where w is the weight of the gas contained in the globe 
of volume v at temperature r, and under a pressure of P 
millimetres of mercury at 0"* C, and P is the barometric pressure 
less the difference of the levels of the mercury in the manometer. 

Since -~- ~-_ - is a constant and it may be denoted by K, 



r X 273 



_ (273 -fO „ 
\\ = w — =r X K. 



If the density of oxygen be taken as 16, and the weight of one 
litre 1*4295 grams., 

_^ (273) + ^ ,. 16 

I) = ?(• — — X K X , 

P 1-4295 

(273 + , 
= w ^ X A', 

since the second factor is also a constant. 
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Table of Results 



Density of gas from CU 


'lite — 






Volume of 
globe. 


Twmiwrature. 


Pressure. 

615-8 
763-2 
763-2 


Weight of gas. 


DenHity. 


33-023 
33 023 
33-023 


18-33° 
17-10^ 
19-43^ 


0-00490 2-187 

0-00600 2-152 

0-00610 2-205 

Mean 2-181 


Density of Argon — 








160-17 
160-17 
32-762 
32-762 
32-762 


13-34^ 
12-95' 
16-15" 
17-10^ 
16-65^ 


742-8 
741-3 
758-1 
768-2 
764-3 


0-26591 
0-26586 
0-05501 
05550 
0-05519 


19-962 

19-961 

19-95 

19-98 

19-94 


Density of Neon — 








7-152 
7-152 


18-30' 
20-15^ 


422-5 
417-2 


0-00331 
0-00320 


9-94 
9-80 


The gas was sparked with 


oxygen between the two ex 


[^erinients. 


Density of Xemm — 








7-152 
7-152 


21-60^ 
22-45 


245-4 
225-3 


01-224 
0-01076 


64-01 
63-74 



The chief sources of error in the determination of density 
with small quantities of gas are due to the changes of surface 
condition of the glass. In order to eliminate such errors as far 
as possible, the globes should never be touched with the fingers, 
and should always be treated in exactly the same manner before 
each weighing. It is particularly important that the globes 
should never come in contact with mercury, as it is quite 
impossible to wipe small globules of mercury off' the surface of 
the glfiiss, and a very small trace would be quite sufficient to 
render the results valueless. Particular attention should be paid 
to the lubrication of the stopcock ; every trace of grease should be 
carefully removed from the outside before the globe is weighed. 

When the gas to be weighed can be obtained in large 
quantity, to avoid the trouble of pumping out the pentoxide of 
phosphorus tube, a density bulb with a two-way stopcock may be 
used (Fig. 77). The gas can then be allowed to flow away through 
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the second passage in the tap until the connecting tubes of the 
apparatus are free from air. 

The density of gases in a mixture. — The de- 
termination of the density of gases may be 
applied to the analysis of mixtures containing 
two gases of known density. In the case of 
mixtures of helium and argon, for instance, the 
method was formerly the- only one with which 
we were acquainted. Within the limits of 
accuracy of the methods for the determination 
of density which have been so far described, we , 
may assume the law of mixture to hold good ,. «. 

for the more perfect gases (see p. 139). If, then, 
a mixture contains, in 100 volumes, n volumes of a gas of 
density rf^, and (100 —n) volumes of a gas of density rf.^, 

rfin + fi2(100~n) = D 100. 

It must not be forgotten that the accuracy of the result is 
not of a high order unless the coefficients in the equation are 
very accurately determined, and that in the case of gases such as 
sulphur dioxide, the deviations from the simple gas laws are 
considerable. 

Historical. — Although the early attempts to determine the 
density of gases by John Dalton, Berzelius, Biot and Arago, 
Dumas and Boussingault, and others, are of interest historically, 
it would serve no purpose to give an account of their 
researches here. 

• The first accurate work in this direction was carried out by 
S^nault about the year 1845. The introduction of the 
counterpoise globe rendered it possible to eliminate errors due to 
the change of buoyancy of the air, owing to changes of tempera- 
ture and pressure during the experiment, and enabled him to 
obtain results which bear comparison with those of modern 
investigators. The results as expressed by him show, however, u 
constant difference from what appear to be the true values for 
the densities of the gases which he examined. He had not 
observed that the globe in which the gas was weighed decreased 
in volume when exhausted. As was subsequently pointed out by 
Eayleigh, this change in volume involves a correction for loss of 
buoyancy. Regnault's results were corrected by Crafts (C r. 106, 
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1662) in 1888. Since KegDault's density globe had been broken, 
another of the aame dimensions (10 litres capacity) and of the 
same weight was obtained. The correction amounted to 3 milli- 
gramB, which was added to the result of each weighing. 

Within the last few years the densities of the principal gases 
have been accurately determined by Ledue, by Lord Rayleigh, and 
by Morley. Of these investigations, I.flrd Kayleigh's are of par- 



ticular interest, both with regard to the simplicity of the methods 
employed, and to the accuracy of the results, so far as can be 
judged from the concordance of individual results obtained by 
weighing samples of gas from different sources. 

The gases were weighed in a globe of known volume, into 
which they were introduced at the temperature of melting ice, 
and under a definite pressure independent of the atmosphehc 
pressure. By exhausting the upper chamber of the manometer 
(Fig. "79) and the weighing -globe by the same pump, the error 
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due to the pressure of air in the latter when exhausted was 
elinUDated. The globe, which was balanced against a counterpoise, 
had a capacity of 1800 cc, fttid weighed 200 grams, when empty. 
The correction for loss of buoyancy on exhaustion amounted to 
0'00056 gram. Its volume was determined by filling it with 
water at 0° (.'. and weighing it ; the density of the water was 
taken to be 0!)9988. In order to avoid the difficulty introduced 
through the expansion of the water, the weighing ^ 
was cari'ieil out in frosty weather. 

 The gas was introduced into the globe by 
means of the apparatus shown in Fig. 78. The 
globe H, which is placeil in a vessel containing 
powdered ice, is connected through the tap I to the 
apparatus. The taps M and !X lead to the vessel 
in which the gas is generated, and to the Topler 
mercury-pump O. The apparatus is also connected 
through 1' and L to the upper and lower reservoirs 
of the mercury manometer shown in Fig. 79, 

After thorough exhaustion a small quantity of 
gas was introduced into the globe and removed 
through the pump ; the globe was then filled with b 

it at normal pressure. The tiual adjustment was 
made by bringing the mercury to the level of the 
two points AA' in the manometer. 

The manometer which served for the measure- . , 
ment of pressure was constnicted so us to eliminate V 
errors due to the inof^ualities of the glass, etc. An 
iron rod carrying two points AA' j>assed through 
rubber junctions H and F into the reservoirs B and 
0. The rubber tubes were covered by mercury 
contained in the cups K and G. The two reservoirs 
were connected by a tube K, so that when the 
lower one contained mercury and the upper one 
was exhausted the mercury rose to tlie level of the 
point A, In adjusting the pressure in the globe, 
the mercury was maintained at the level of the 
point A by allowing mercury to enter or leave 
the lower reservoir through the tube K. At the 
same time the tap M was opened or closed so as to alter the 
pressure of the air in the globe, and so bring the mercury to the 
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level of the upper point. The distance between the two points 
was measured before the apparatus was set up, and it was only 
necessary to apply a temperature correction to obtain the pressure 
on the gas in the globe. 

The following figures were obtained for the weights of different 
gases contained in the bulb under a pressure of 7 6 2*5 11 mm. of 
mercury at 14*8 5** C, the globe being immersed in melting ice. 

Oxygen — r 

Prepared by electrolysis, 2 experiments . . =2*6272 + 0*00056 gin. 

„ „ 1 experiment . . =2*6271 + 0*00056 „ 

„ from potassium chlorate, 5 experiments . =2*6269 + 0*00056 „ 
„ „ „ » 5 „ . =2*6269 + 0*00056 „ 

„ „ „ permanganate, 1 experiment =2*6271 +0*00056 „ 

Mean result, 2*62760. 

Nitrogeii (atynosjjhei'ic) — 

From air, by hot copper =2*3103 + 0*00056 gra. 

„ by hot iron . . . . =2*3100 + 0*00056 „ 

,, by ferrous hydrate . .=2*3102 + 0*00056 „ 

Mean result, 2*3107. 

Nitrogen — 



2*2987 + 0*00056 gm. 
2*2985 + 0*00056 
2-2990 + 000056 
2*3001+0*00056 



»» 



From ammonium chloride and sodium nitrite, 
3 experiments 
„ urea, 4 experiments 

nitrous oxide .... 
nitric oxide .... 

Mean result, 2*2994 

Air free from water and carbon dioxide — 

Weight of ga.s contained 
in the globe. 

Highest of seven results . . 2*37686 + 0*00056 

Lowest „ „ . . . 2*37647 + 000056 

Mean „ „ . . . 2*37661+0*00056 

In order to compare these results directly with those obtained 
by other observers, it was necessary to express them in terms of 
the weight of one litre, at the pressure equivalent to 760 mm. of 
mercury at Paris. 

To correct for pressure, the observed weights were multiplied 
by the factor 0*99974. But since the measurements were^made 
in latitude 51° 47', it was necessary to introduce a correction for 
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gravity. This was easily effected by multiplying by the factor 

980*939 

- g. , the ratio of the gravity constants at Paris and in latitude 

5r- 47'. 

The mean corrected values now become : — 



Air. Oxygen. 


Nitrogen. 


2-37612 262534 


2-30883 


weights of one litre : — 




Air. Oxygen. 


Nitrogen. 


1-29327 1-42952 


1-25718 



Lord Kayleigh has also determined the densities of other gases 
by means of the same appai'atus. The results obtained for the 
density of carbon monoxide will indicate the degree of accuracy 
with which the experiments were performed. Three sets of 
experiments were made in which the gas Was obtained from 
entirely different sources. The figures represent the weight of 
gas contained in the globe ; the weight of the same volume of 
oxygen under similar conditions being 2'62704 + 0*00056 



gram. 



Method of preparation (sec p. 49). Weight of gas. 

From potassium ferrocyanide and strong sulphuric acid 2*29843 + 0-00056 

From oxalic acid and strong sulphuric acid . . 2-29852 + 0*00056 

From sodium formate and 70 per cent sulphuric acid . 2-29854 + 0*00056 

Lcduc has determined the densities of the commoner gases 
by weighing them, under known conditions of temperature and 
pressure, in glass globes of about 2*3 litres capacity. The weak 
point in the method which he employed lies in the fact that the 
globes were never completely exhausted. A pump was used 
which would exhaust down to a pressure of about 1 mm. : 
that is to say, that about tj^^Vo P^^'^ ^^ ^'^® 8*^ would remain in 
the globe. A pressure of this order would be quite impossible 
to measure directly, and might vary between 0*05 mm. and 
0*15 mm. ; the error introduced in this way is of the same order 
of magnitude as the difterence between the weights obtained by 
Lord Eayleigh and Leduc for a litre of air — 

Leduc. Lord Rayleigh. A 

Weight of one litre of air 1-29316 1 -29327 00011 

^^ TT7W 
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Leduc's results are consistently lower than those of other 
observers, except in the case of nitrous oxide ; the discrepancies 
may, perhaps, be accounted for in this way : 

In a resum4 of his researches on the densities of gases, 
Leduc. states that the agreement between the values which he 
obtained for the densities of oxygen, nitrogen, and atmospheric 
argon, are in accordance with his own determination of the 
composition of air (p. 97), the determinations of the quantity of 
argon in air by M. Schloesing and Dr. Kellas, and the density of 
argon by Lord Rayleigh and Prof. Eamsay. The statement 
contains certainly one fallacy, in that he assumes that the 
number 19*94 represents the density of argon with regard to 
that of hydrogen as unity, and not to oxygen as 16, and further, 
it is probable that the air contains more nearly 19*9 than 20*0 
per cent of oxygen. 

A very elaborate investigation of the densities of oxygen and 
hydrogen has been carried out by Dr. Morley, and described 
in the Proceedings of the Smithsonian Association, The methods 
employed are of too complicated a nature to be dealt with in 
detail, but as the work is of the greatest importance, it may be 
as well to describe it briettv. 

The experiments were performed in such a manner as to 
eliminate all known sources of error. Special attention was 
paid to measurements relating to temperature and pressure, and 
the volume expansions of each of the gases were considered 
independently. The globes were of capacities varying from 8 
to 20 litres; their capacities were accurately determined by an 
indirect method involving weighing them in water; and their 
contraction on exhaustion was estimated and corrected for in the 
manner described on p. 120. 

The weights of the gases were determined by suspending the 
globes alternately from the right and left pans of the balance, 
after the method of Gauss. The results are reduced to the values 
whicH would have been obtained at sea -level in latitude 45°. 
They may be reduced to the Paris standard by multiplying by 
1-000316. 

Density of oxygen (Preparation of oxygen, see p. 43).- — Three 
series of experiments were made under different conditions — 

1. The bulbs were filled with oxygen at temperatures, deter- 
mined by means of mercurial and air thermometers, varying 



XII 



THE DETERMINATION OF DENSITY 



131 



between 15° and 20°. The apparatus was connected with an 
open manometer, standing in the same trough with a barometer. 
The readings were taken with reference to a glass scale placed in 
front of the tubes, which were 19 mm. in diameter, by means of 
a cathetometer. The difference between the readings of the two 
instruments gave the pressure under which the gas was confined. 
The results had afterwards to be corrected by addition of ^xrixRF' 
on account of an error which was found to exist in the standard 
of length ; the mean results alone are corrected. 

2. The globe was immersed in powdered ice and connected 
with one limb of a dififerential manometer, which was also con- 
nected with a vessel filled with pure hydrogen immersed in ice. 
The mercury in the manometer was brought into position with 
regard to two projecting points in the opposite limbs; the 
pressure required to bring the mercury to this position had 
previously been determined. 

In this series of experiments the globes were kept in a 
desiccator, from which the stopcocks and leading tubes alone 
projected. The various operations involved in exhausting, filling, 
and weighing them were performed mechanically. 

l^. The globes were immersed in powdered ice, and the 
pressure was determined directly, by connecting the interior of 
the apparatus with the lower chamber of a barometer. 

Table of Results 



Series I 

9 experiments 



Series II 

6 experiments 
SERIhlS II (6) 

9 experiments 



Series III 
Series III (6) 



Weight of one 
Litre. 



Difference. 



Highest 
Lowest 



1 -42907 
1 -42838 

Mean 1-42879 + 000034 



) 



0-00049 



Highest 
Lowest 
Highest 
Lowest 



1-42880 
1-42851 
1-42896 
1 -42853 



} 
) 



0-00029 
00043 



Mean (15) 1 •428874=0-000048 



Highest 
Lowest 
Highest 
Lowest 



1-42957 
1-42910 
1-42951 
1 -42849 



\ 
I 

} 



0-00047 
0-00102 



Mean 1-42917 + 0-000048 



VoUime of Bulb. 



r 21 -5693 litres 
i 8-8367 „ 



r 20 0576 

I „ 
f 20-5578 



8-000 

150 
»» 
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In calculating the final mean the third series is given 
double weight. 

Weight of one litre of oxygen = l-42900±0-000034. 

Hydrogen, — Five series of experiments were made, but the 
two first sets were subsequently neglected, as the results appeared * 
to be affected by a constant error, the nature of which could not 
be determined. 

In Series I and II the globes were directly weighed after 
filling with hydrogen, but in the three last series an entirely 
different plan was adopted. Three of the globes were con- 
nected together by means of glass tubes, and immersed in a 
large cylinder filled with powdered ice ; precautions were taken 
to prevent the pressure of the ice from altering the size of 
the globes. The capacities of the globes were already known, 
the volume of the leading tubes, which were also connected 
with the lower reservoir of a barometer, was also deter- 
mined. Palladium foil, contained in a glass tube, was charged 
with pure hydrogen ; the palladium was capable of absorbing 
between 3 and 4 grams of the gas. The tube was then sealed, 
weighed, connected with the tube leading to the globes, and 
heated. The volume of the gas given off was estimated from 
the barometer readings, its weight was determined by detaching 
the palladium tube, and reweighing it. The details of the 
operations involved are carefully described in the original memoir 
{loc, cit.). The following is a general summary of the results : — 



Series I 
II 



»» 



Mean 0-089938 Kp, ,^ . . , 

r. r.or^/^-/x t These results were rejected. 
„ 0*089970 j ■' 



The results of the last three series all appear to be of equal 



weight- 



Series. 


Highest. 


Lowest. 


Mean. 


Experimentii. 


Ill 


0-089912 


0.-089856 


0-089886 


8 


IV 


0-089972 


0-089777 


0-089880 


6 


V 


0-089877 


0-089830 


0-089866 


 • « 




Filial m< 


jan 0-089873 + 0-0000027 





In the following table, the results obtained by different 
observers are stated : — 



THE DETERMINATION OF DENSITY 



Densftibs of the Commoner Gases expressed in terms 
OF Crams per litkk 



1 A.. 


OJjgen. 


N,„«,.. 


Hj-.irog«n. 


HegDult 
Com by Crmfts 


. 1 I -29319 

. 1 1-29349 

1 -29351 


1 -42980 
1-43011 
1 '42939 
1-42971 
1 -42910 
1-43952 
1-42900 
1-42945 


1-25817 
1-25047 
1-35787 
1-25819 
1 -25709 
1-25718 


0-0895S 
0-08988 

0-0'8985 
0-09001 
0-089873 
0-089951 


Leduc 1801 . 
R»yleigh, 1893 
Morlej . . 

„ (Paris stand 


1-29316 
1-293-27 

lard). 



The true values for the densities of oxygen, nitrogen, and air 
probably lie between the values given by Kayleigh 
and Leduc i-espectively. It is probable that 
Morley's determination of the density of hydrc^eii 
18 the most correct. Lord Itayleigh's value for it is 
certainly slightly too high. 

Indirect mcikod for tha detevniinalion of flic 
density of a gas. — ScMtcsing (C. r. 126, 1898, 220 
and 476) has devised a hydrostatic method for the 
determination of the density of moderately heavy 
gases when only very small quantities can be obtained. 
The apparatus employed is shown in Fig. 80. The 
tubes A and B, which are from 1000 to 1600 cm. ' 

in length, and have an internal diameter of abont 
2 or 2-5 mm., are enclosed in a water jacket. At 
the bottom they are sealed to a three-way tap, so 
arranged that either of them can be connected with 
the other, or with a mercury reservoir. Both tnbes 
are open at their upper endg. 

The tubes are first completely filled with mer- 
cury, and the gas G, of which it is required to 
determine the density, is admitted so as to till one 
of them ; the other tulie is filled with carbon dioxide, 
or some gas which is heavier than G, and which 
has no chemical action upon it. When the stopcock "' ' 

is turned so as to place the tubes in communication, the carbon 
dioxide, in virtue of its superior density, will sink in the tube ; 
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at the same time some of the gas G will be expelled, and air 
will enter on top of the carbon dioxide as its level falls. From 
six to eight minutes must elapse before equilibrium is established. 
If the tube A had previously contained carbon dioxide, and 
the tube B the gas, G, which was heavier than air, and a and 
fi are the surfaces of contact of these gases with carbon dioxide, 
the condition of equilibrium will be represented by the equation, 

Kd! = hd + {K - h)S. 

Where h and // are the distances from the centres of the 
orifices a and 6, to the points a and /8, and d, d\ and S are the 
densities of air, the gas G, and carbon dioxide under similar 
conditions of temperature and pressure. The correction for the 
pressure of water-vapour is eliminated by saturating the gases 
before they are brought into the apparatus. 

To determine the positions of the points a and y8, the small 
gas pipettes, are attached to the open ends, a and b, of the tubes, 
and the carbon dioxide is absorbed. When the gas is returned 
to the tube the mercury will occupy, in each case, the space 
formerly occupied by the carbon dioxide. 



Air. 
Nitrogen 
Oxygen . 
Methane . 




Time allowtnl for taking Readings. 




Calculated 
Density of 

Air=l. 


2'. 


1-000 
0-968 
1107 


«i'. 


S'. 


10'. 




0-990 
1176 


0-999 
0-967 
1-105 
0-559 


0-998 
0-967 
1105 


0-966 
1104 
0-5.57 


0-966 
1-104 

« • • 


1-000 
0-967 
1-105 
0-558 



With hydrogen the results were not satisfactory. This is 
probably due to the escape of gas by diffusion, from the upper 
part of the tube. 

Deduction of th^ density from the ratio of the specific heals. — 
The density of a gas may also be determined from the velocity 
of sound in it, if the ratio of its specific heats at constant 
pressure and constant volume is known (p. 271). 

Avogadro's hypothesis. — Since the simple laws which govern 
the relationship between volume, temperature, and pressure 
in gases are only accurate within certain limits, it might be 
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expected that Avogadro*s hypothesis would also be only an 
approximation. By comparing directly the densities of gases 
and their molecular weights as determined by chemical means, 
it will be at once seen that the ratios do not give a constant 
value, and that consequently the space occupied by a molecule 
must vary slightly among the different gases. 



0a8. 



Hydrogen 
Nitrogen 
Oxygen . 



Density, 0-16. 



Molecular Weight, xO'5. 
(Calculated from the cliemical equivalent.) 



r006 
14071 
16 000 



1-00 
13 98 
15-88 



1 -0076 
14-04 
16 00 



Numerous investigations have been undertaken with a view 
to determining the exact proportion in which oxygen and 
hydrogen enter into combination to form water. Berzelius and 
Dulong (A, de Gh. et de Ph. [2], 16, 389) determined the ratio 
by reducing heated copper oxide with pure hydrogen, and 
determining the quantity of water formed. They obtained as a 
mean result for the atomic weight of oxygen the number 15*894. 
By the same method Dumas (A, de Ch, et de Ph. [3], 8, 200) 
obtained the value 15-961, and Erdmann and Marchand (J. fur 
pracL Ch. 26, 468) the number 15-975. 

These results are now interesting only from an historical 
standpoint ; the ratios, as determined by a number of more recent 
investigations, appear to show that the atomic weight of oxygen 
is less than 15*9. 

The following is a list of the more important investigations — 



Cooke and Richards 
Keiser . 



j» 



. Am. Ch. J. 10, 81, 191 

. Artu Ch. J. 10, -249 • 
Am. Ch. J. 20, 735 . 

Noycs .... Am. Ch. J. 1890, 12, 441 . 

Dittmar and Henderson Phil. Soc. of Glasgow, 1891 

Ravleigh . . Proc. Roy. Soc., ] 889, 46, 425 

Leduc .... Comptes remhis, 116, 43 

Morley . . Smithsonian , 189.5 



n 



• t 



II 



Substanc»*s 
weighed. 



H and O 
H and H.,0 
H and H.p 
HandO 
and IlaO 
HandO 
and H.p 
H and H.p 
and HgO 



Atomic Weight 

of Oxygen 

(H = l). 



15-869 

15-950 

16-869 

15-877 

15-866 

15-89 

15-881 

15-879 

15-879 
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To this we have to add the atomic weight calculated from 
the volume relations and densities of the gases. 

Scott 15*868 

Morlev 15*879 

Cook and Bichards, Noyes, and Leduc, all employed methods 
similar to that of Berzelius. The former compressed hydrogen 
into an exhausted glass globe, and burned the gas in contact with 
heated copper oxide. This method avoids the difficulty of 
determining the weight of the hydrogen, a small weight at the 
best, by difference, only. Leduc, who performed two experiments 
only, reduced a weighed quantity of copper oxide, and weighed 
the water formed. The hydrogen absorbed by the copper was 
estimated by reoxidation. 

The first experiments of Keiser are certainly inaccurate, but 
the use of palladium in order to absorb and weigh the hydrogen 
introduced a new feature. This method in the hands of Morley 
gave, at a later date, the most accurate results which have yet 
been obtained. 

Eayleigh's method consisted in weighing tlie gases in glass 
globes and transferring tliem to an apparatus in which they were 
mixed and burned. The globes were subsec^uently re weighed, and 
the residual gas was analysed. If Morley s density for hydrogen be 
substituted for Kayleigh's, the number becomes more nearly 15 "8 7. 

Scott {PhU. Trans. 1893) determined directly the volume of 
oxygen and hydrogen which enters into combination to form 
water. The gases were measured in a constant volume burette ; 
the mercury in each experiment was brought to a mark on a 
portion of the. vessel which was made very narrow. The mixture 
was exploded in successive (|uantities. The excess of gas uncon- 
sumed was measured and analysed. 

In the earlier experiments the tap of the explosion pipette 
was lubricated with a hydrocarbon grease. This led to the 
formation of a layer of grease on the inside of the pipette, which 
was partially burnt during the explosion of the gases, with the 
result that the apparent (juantity of oxygen consumed by the 
hydrogen was too large. 

The results of the experiments are fairly concordant; the 
most probable result for the ratio of the volumes of oxygen to 
hydrogen is 1 to 2*00245. 
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Morley (Smithsonian Contrihviions, 1895) has determined 
directly the composition of water by burning weighed quantities 
of oxygen and hydrogen in a closed apparatus, and determining 
the weight of water produced, and the excess of gas remaining in 
the apparatus. 

IVie combustion apparatus (Fig. 81) consisted of a glass cylinder, 
through the sides of which passed tubes 
which were ultimately connected with the 
apparatus delivering the oxygen and 
hydrogen respectively. The tubes termi- 
nated in small platinum jets which pro- 
jected upwards into the cylinder ; a pair 
of platinum wires placed immediately 
above them served for the ignition of 
the flame of oxygen or hydrogen. Ex- 
ternally the tubes were sealed to two 
tubes containing pentoxide of phosphorus, 
which formed part of the apparatus, and 
which served to prevent loss of water vy jn n | 
through diffusion, or during the final ex- v i f \i 
haustion of the apparatus. The apparatus 
was weighed against a counterpoise. 

The oxygen was obtained by heating 
potassium chlorate, and was weighed in 
two of the density globes which were 
afterwards simultaneously connected with 
the combustion apparatus. The hydrogen 
was absorbed by metallic palladium, and 
weighed on an apparatus similar to that 
employed in the determination of the 
density of that gas. Forty-two litres of hydrogen and twenty- 
one litres of oxygen were employed in each experiment ; the 
quantity of gas remaining uncombined varied from one six- 
hundredth to one ten-thousandth of the whole. 

During the experiment the combustion tube was kept cool, 
so that the gases were drawn into it iii a steady stream. It was 
possible to continue the combustion till the pressure of the water 
vapour and gas in the apparatus did not exceed 80 nmi. of 
mercury. At the end of the expeiiment the oxygen globes and 
palladium tubes were closed and subsequently weighed. The gas 



Fig. 81. 
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contained in the apparatus was removed by exhaustion and 
analysed, and the combustion chamber sealed and weighed. 

Sources of error, — The gas contained in the apparatus was 
found to contain traces of carbon dioxide, and in some cases 
nitrogen. These impurities were traced to the asbestos used in 
the construction of the apparatus, and to the air remaining in the 
globes after exhaustion ; the error introduced was inconsiderable. 
Experiments were conducted to determine whether the gases 
were completely dried by passage over pentoxide of phosphorus, 
or whether that substance absorbed an appreciable quantity of 
oxygen. 

On the other hand it remained possible that traces of ozone or 
of hydrogen peroxide were formed during the combustion ; if this 
were so the apparent quantity of oxygen consumed would be too 
great. 

Set of Eleven Determinations 

Atomic weight of oxygen (H = 1 ). Ratio H^O/H. 

Highest 15-882 .... 17-883 

Lowest. 15-887 .... 17-873 

Mean Value op the Atomic Weight op Oxygen 

From ratio 0/H . 158792 

From ratio H2O/H . 15-8785 

Morley {loc. cit.) has also determined the composition of 
electrolytic gas in a manner similar to that employed for the 
determination of the density of hydrogen. A voltameter was 
constructed so that it could be weighed, and then connected with 
a system of globes of known capacity immersed in ice and water, 
and previously exhausted. The current was passed through 
the voltameter till the pressure in the apparatus became nearly 
normal; the pressure was then accurately determined, and the 
voltameter was detached and weighed again. The density of the 
gas was deduced from the volume (43 litres), temperature, and 
pressure of the gas and the loss of weight of the voltameter. 

In each experiment the gas was analysed, and it was found 
that in every case excess of hydrogen was present. It would 
appear that during the process of electrolysis of the caustic soda 
solution contained in the voltameter, a certain quantity of the 
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oxygen entered into combination with other substances present. 
Whether hydrogen peroxide or ozone were formed or not was not 
determined. 



Weight op One Litre of Elbctrolttic Gas 

Highest ... . 0*535584 

Lowest 0-535441 

Mean 0'535510 

Calculated directly from the density of electrolytic gas and 
the densities of hydrogen and oxygen, the ratio of oxygen and 
hydrogen in water becomes 1 to 20045. 

It is necessary to take into account the fact that the law of 
mixture is only approximate. Applying Van der Waal's formula 
for the relations of temperature, pressure, and volume of gases (p. 
176), and using the values of the constants deduced by Sarrau from 
Amagat's observations (p. 165), the ratio of the mixture becomes 
1:200357. Applying a final correction for the slight excess 
of hydrogen (see p. 138) present in the gas, the final value 
1:2*00269 was obtained. As to whether the correction for 
pressure is valid or not is a question ; the results obtained for 
the compressibility of hydrogen are, as will be pointed out, open 
to criticism. 

Keiser (Avi. Ch. »/., 1898, 20, 72) has recently determined 
gravimetrically the proportions in which the gases combine. 
The hydrogen obtained by electrolysis of dilute sulphuric acid 
was absorbed by spongy palladium in a tube which also con- 
tained some pentoxide of phosphorus. The tube was weighed, 
and oxygen was admitted slowly till the whole of the hydrogen 
was consumed. The tube was then allowed to stand overnight ; 
the excess of oxygen was removed by exhaustion, and the tube 
was weighed. 

After standing for forty -eight hours the palladium was 
removed, and the tube was weighed again. 

Typical experimenUil results : — 

Weight of hydrogen. Weight of oxygen + hydrogen. 
0-27549. 2-45798 
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Table op Results 






Ratio H/0 




Ratio H/H,0 


1 


. 7-923 




. 8-929 


2 


. 7-943 




. 8-946 


3 


. 7-940 




. 8-956 


4 


. 7-945 




. 8-950 


Mean 


. 7-937 




. 8-943 


Atomic weight of oxygen from ratio H/0 . 


. 15-874 


» >i ij 


j> 


H/ap 


. 15-886 



In 1898 Daniel Berthelot pointed out that the tme molecular 
weight of a gas could be calculated from its density and the 
observed deviation from Boyle's law (C r. 1898). 

Where v^ is the volume occupied by a gram-molecule of the 
gas under pressure p^^ the deviation from the simple law may be 
expressed by 



pv 



l=a(/>-jr>o), 



where v is the volume occupied by the gas under a very low 
pressure p. 

If two gases have the same molecular volume under a very 
low pressure (p. 159) ; 

^" = ^^^ 1 + *f (/> - 7'«) = I' -( \ +ap - apo) 
Pol. J Po 

PoL. J Po 

If ^ is very small and ;;,, is one atmosphere, 

' 1 ' • 

T u 1 - il 

If d, d', d", etc., are the relative densities of different gases 
under atmospheric pressure, their relative molecular weight will 
be (1 —a)d, (1 —a')d^, etc. 







Hydrogen. 


Nitrogen. 


Carl>on monoxide. 


Oxygen. 


a 




- 0-00046 


+ 0-00038 


4- 00046 


+ 000076 


(1-a) 




1-00046 


0-99962 


0-99954 


0-99924 


d 




0-062865 


0-87508 


0-87495 


1 


Mol. wt 




2-01472 


280132 


280068 


32 


At. wt. 




1-0074 


14007 


(\= 12-007 


16 


At. wt. from results 










of analysis 


• 


l-Ol 


14 04 


12-00 


16 



CHAPTER XTII 

THE RELATIONSHIP OF TEMPERATURE, PRESSURE, AND VOLUME 

OVER LIMITED RANGES OF PRESSURE 

ManometerSf and baronietei-s — Temperatui'e correction for heiglit of column of 
mercury — Gay-Lussac, Charles, Dalton, Rudberg, and Regnault — Pi*essure 
coefficients of expansion — Experimental determination of the pressure coefficient 
— The gas thermometer — Temiwrature on the absolute scale — Abnormal 
expansion — The relations of tem])erature pressure and volume in rarefied gases 
— The M*Leod gauge. 

The simplest form of pressure gauge for the measurement of 
pi-essures lower than atmospheric pressure, consists of a piece of 
glass tube of uniform bore bent on itself (Fig. 82- a). The lower 
end of the longer limb of the tube is open, and dips below the 
surface of the mercury in a basin ; the other end is connected to 
the apparatus to be exhausted. The height of the column of 
mercury in the tube is measured by means of a scale with an ivory 
point which is .brought on to the surface of the mercury at each 
reading ; or a barometer is placed in the basin by the side of the 
gauge, and the differences of level of the mercury in the two tubes 
is determined by means of a scale placed beliind them. 

A more convenient form of the instrument, which may be 
used for measuring pressures between 1000 and 10 millimetres, 
is shown in the next figure. The difference of level of the 
mercury in the U-tube is read off directly on a scale placed 
behind it. Sometimes, if the instrument is intended for the 
determination of reduced pressure only, the vertical tube is bent 
so as to bring the two surfaces of the mercury directly one over 
the other. Care must be taken to obtain a piece of tube of 
uniform bore, and this is not easy ; the diameter of the tube 
should not be less than 7 millimetres. 

For the measurement of pressures below 1000 millimetres it 
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is sometimes convenient to employ a elo.sed vacuum gauge (Fig. 
82, c). The upper end of one limb of the U-tiibe is sealed, and 
a. trap is inserted to prevent ti-aeea of 
air from entering. The apparatus may 
eaaily be filled with mercury in the 
following manner. 

A glass bulb is sealed to the open 
limb of the manometer, and the whole 
apparatus is thoroughly cleaned and 
dried. Mereury is tlien introduced 
into the bulb, and the apparatus is 
connected with the water pump by 
niefins of a long rubber tube. By 
withdrawing and then readmitting the 
air, mercury I'rom the bulb is allowed 
to run in small quantities into the 
closed limb of the U-tube. Each time 
mercury is admitted, the tube is care- 
fully heated by means of a Bunsen 
burner, so that the mercury boiling 
in vacuo expels the whole of the air. 
The heating need not be continued 
after the tube ia filled to above the 
level of the trap. 
'^ d c A differential ttianometcr of great 

*'"'" ^^' delicacy was employed by Morley (p. 

131) in the determination of the density of oxygen. Two 
bulbs connected by a U-tube contained glass points projecting 
downwards. The mercury, which half-filled each bulb, was 
brought to the level of the glass jioints in each experiment. 
The whole gauge was maintained at the temperature of melting 
ice. The very sensitive differential manometer employed by 
Fetterson in his apparatus for the determination of the carbonic 
acid in air might also find further application. 

The manometer employed by Lord Kayleigh in the deter- 
mination of the densities of gases is described on p. 127. 

Barometers. — The common syphon barometer is too well 
known to require description. 

A very convenient form of barometer (Fig. 8.'J), which possesses 
the advantage of being very easily filled, has been described by 
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Collie {Che7n. Soc. J., 1895, 129). The stem of the 
instrument is sealed to the top of the cistern, which is 
in the same axis with it, and is continued to the 
bottom of the cistern by means of the capillary tube a, 
which is bent to one side. The cistern communicates 
with the air through the tube b ; the trap c below the 
upper chamber serves to catch any minute bubbles of 
air that might ffnd their way up the stem. 

The instrument may be filled w^ith mercury by the 
usual process of introducing small quantities of mercury 
and boiling to expel the air, or by the following method. 
The tube b is made rather long, and is drawn out to a 
long capillary about 0*5 mm. internal diameter. The 
tube is sealed to the pump and the instrument is 
exhausted as far as possible, while the glass is heated 
to remove moisture. The capillary tube can then be 
sealed, and by breaking the point beneath the surface 
of some mercury in a basin the barometer may be 
filled, leaving only an inappreciable trace of air in the 
upper bulb. 

The presence of a minute trace of air has practically 
no influence upon the readings of the instrument, and, 
indeed, when the air has been completely expelled, the 
mercury adheres to the glass after the instrument has 
been tilted, and only by warming or shaking can be 
made to fall to the barometric height. 

The readings are taken with reference to a scale 
placed behind the instrument. For absolute determina- 
tions of the barometric height in experiments on the 
densities of gases, etc., the scale should be compared 
with a standard of length. 

The temperature connection. — Since both the density 
of mercury and the length of the scale change with 
temperature, each time the barometric height is read 
the temperature is taken, and a correction is applied in 
order to determine the true pressure. The correction 
may be applied by direct calculation in the following 
manner. 

Suppose the scale to be of standard length at 
temperature t, and that the reading is taken at 



r^ 



V% 



V3^ 

Fia. 83. 
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temperature t\ which may be takeu as identical for scale and 
barometer. 

If / is the observed reading at ty since a greater number of 
divisions will correspond to the same length at the lower tempera- 
ture, the corrected reading will be /[I +a(< — 0]» where a is the 
coefficient of expansion of the scale. If the scale is correct at 
0" C, and the temperature is expressed in degrees Centigrade, the 
corrected reading becomes /(I +a/). 

Similarly, if the corrected height of the mercury column 



alone becomes /^ 



^0 



l{\ +aO l + 0000181t 
^o = ^[l -(0-000181 -a)<] 

The coefficient a has the following values : — 

For brass .... 0*0000188 
For steel . 0*0000104 

For glass .... 0*0000091 

The assumption that the scale is correct at 0"" C. cannot as a 
rule be made. 

A scale, from which the correction may be read off directly, 
may be constructed in the following manner (Fig. 84). The 
ordinates represent in millimetres the height of the mercury 
column, and the abscissse the correction in terms of the same units. 
The correction for each alternate degree of temperature is repre- 
sented by one of the diagonal lines ; intermediate points may be 
obtained by interpolation. In constructing the scale, the values 
of the correction to be applied to a column of mercury are 
calculated from the equation — 

Correction = /(/? - a)t 

The following values have been calculated for a barometer 
800 mm. high with a glass scale correct at 15° C. 



S'' 


1101 


16° 


2*201 


24' 


3*302 


10^ 


1*376 


IS** 


2-477 


26" 


3*578 


12^^ 


1*651 


20' 


2-752 


28' 


3-853 


14^ 


1*926 


22° 


3-027 


30' 


4-128 



J. Shields (Phil. Mag. May 1896) has described a mechanical 
device for determining the correction to be applied for temperatura 
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The instrument consists of a barometer of the Collie type, mounted 
la front of a mirror scale iu sucli a manner tliat it can be given a 
vertical motion by means of a screw A. The mercurj' in the 
cistern is adjusted to the level of a zero line B, and the lieigbt of 
the column is read off on the scale wliicli is rtded in millimetres 
between 700 and 800 millimetres from this point, the inter- 
vening space is left blank. 

The attachment by wliich the temperatui-e correction is 
applied, consists of a thermometer which is clamped to the stem 
of the bai-ometer ; the capillary is so bent that the portion C of 



ri(i.M. 

it which contains the end of tlie thread of mercury lies in a 
horizontal position in front of a scale. Tite thermometer moves 
vertically with the barometer when the mercury in the cistern is 
adjusted to the zero line, and consequently each position which it 
can occupy corresponds to a certain length of the mercury column. 
The correction is read off by determining the ])osition of tlie end 
of the thread of mercury with regard to the horizontal divisions, 
which are naturally wider at the bottom than at the top, since 
they correspond to longer columns of mercury. 

The method of ruling the scale requires some explanation. 
Since it is required to reduce the barometric height to 0" C, 
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it is obvious that the zero hne must be a vertical 
line corresponding to the zero of the thermometer. 
It is not necessarj' to determine 
the length in millimetres cor- 
responding to 1" on the thermo- 
meter stem ; suppose this to be n 
millimetreH. 

Since the distance through 
which the barometer is I'aised or 
lowered to set the level of the 
mercury in the cistern to the zero 
line, is one-half the distance that 
the barometer has risen or fallen 
since the last adjustment, a distance 
of 50 mm. between the upper and 
lower horizontal lines on the scale 
will correspond to a diffeience of '°' " 

100 millimetres of barometric height. The length 
of the divisions 1, 2, ;!, 4, can be found from the 
equation 

Substituting nt for t to obtain the length in milli- 
metres, and 0'000172 if the scale is of glass. 

One division of the upper line = 800 (0-000172) itt. 
loiver „ = 700 (0000172) „ 

These points are then joined by straight lines. 

After setting up the instrument the position of 
the thermometer is adjusted without difficulty. 

lu barometers sucli as have been described 
there is no correction for capillarity, but in every 
case the instrument should be tapped with the 
finger before a reading is taken. 

Absolute normal pressure. — Since the absolute 
normal pressure is expressed by the pressure 
exerted by a column of mercury 'Tfi metre in 
heiglit multiplied by the gi-avitation constant, it is 
necessary to apply a correction in order to compare 
observations taken in different latitudes, ot at 
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different heights above sea-level. The value of the gravity con- 
stant in latitude 45°, which is taken as the standard, is 980*61. 
For the comparison of the densities of gases the Paris standard 
(5r = 980-94) has been employed (p. 128). 

Relation of temperature and volume, — ^Although Dalton and 
Charles may be said to share the honour of the discovery of the 
law connecting volume and temperature, it is to Gay-Lussac and 
Humbolt that we owe our first definite knowledge of the subject. 
These two philosophers determined the coefficient for air under 
constant pressure, and later Gay-Lussac extended the observations 
to other gases, proving that the expansion was practically the 
same in every case {A. de Ch, et de Ph.' I. 43, 137). 

A glass bulb, sealed to a long capillary stem, was filled with 
mercury, and the gas was introduced so as to leave a pellet of 
mercury in the stem. The bulb was placed in a metal vessel, 
which could be filled with ice or boiling water, so that the stem 
projected in a horizontal position through the walls. The volume 
of the gas was indicated by the position of the pellet of mercury 
in the stem,, which was graduated ; the meaji coefficient for air, 
corrected for the expansion of the glass, was found to be 0*00375. 

This number was accepted as correct till 1830, when it was 
shown by Rudberg, a Swedish chemist, that the true value was 
near 0*00365, pointing out that in Gay-Lus8ac*s experiments the 
bulb probably contained moisture. The measurements were made 
at constant volume. 

As in the case of many other physical constants, the relation- 
ships of temperature, pressure, and volume were first accurately 
determined by Eegnault. The increase of pressure at constant 
volume was determined by means of an apparatus consisting of a 
globe connected by a narrow tube with a mercury manometer. 
The mercury was brought to a mark on the manometer by means 
of a screw adjustment, and the difference of height of the mercury 
in the two limbs was measured directly. The bulb was immersed 
in ice or surrounded with steam ; a correction was applied for the 
gas contained in the leading tube and in the top of the mano- 
meter, which remained at the temperature of the air. 

In the determination of the volume expansion at constant 
pressure, the limb of the manometer, which was connected with 
the bulb, was graduated, and the volume of one division as well as 
that of the bulb and connecting tubes were known. The mano- 
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meter was maintained at constant temperature in a water-jacket, 
and at each reading the mercury was brought to the same level in 



[JO, J LIS rcsuiLo w 


At constant 


At constant 




Volume. 


Pressure. 


Air . 


0003667 


0003670 


Hydrogen . 


0-003667 


0003661 


Nitrogen . 


0003668 


• « • 


Carbon dioxide . 


0-003688 


003110 



The results show that both the volume and pressure coefficients 
vary in the different gaaes, and that the two constants are not 
the same, even for a single gas. As might be expected, the 
difference between the two constants is of the same order and 
sign, as the variation of pv with p for any particular gas. 

Regnault also determined the relative expansion of air and 
other gases by a differential method. 

Of recent years more attention has been paid to the deter- 
mination of the pressure coefficients, the determination of the 
increase of pressure produced by heating a gas at constant 
volume. 

Von Jolly (P. A 1874, J5. 1880, 2019, 401, Cr. 106, 162) 
has obtained the following values for the pressure coefficients of 
the principal gases : — 

Hydrogen 0*0036562 



Oxygen 
Nitrogen 
Nitrous oxide 
Carbon dioxide 



0-0036742 
00036677 
00037067 
00037060 



The values of the coefficient for air determined by Begnault, 
Magnus, and Jolly, corrected by Mendeleef (B. 10, 81), show a 
very close agreement. The mean, 00036700, may be taken as 
very near the true value. 

The most accurate determinations of the pressure coefficients 
of hydrogen, nitrogen, and carbon dioxide that have yet been 
made are probably those of P. Chappuis of the Bureau Inter- 
national. The details of the experiments, whicli have been 
carried out in this institution, are described in Guillaume's 
Thermometrie and in the Travaux et Mdvioires de la comiti inter- 
nationale des poids et jjicasures. The thermometer bulbs employed 
were made of platino-iridium : — 
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Coefficient at 0** C. 


Pressure at 0° C. 


Hydrogen 


0-0036624 


1000 nun. 


Nitrogen (atmoBpheric) 


000367445 


1000 „ 


Carbon dioxide 


000372477 


995 „ 


>» 


0-00371634 


870 „ 



The cmniU intti*ncttional have adopted as a uormal thermo- 
metric scale the constant volume hydrogen thermometer, having 
an initial pressure of 1000 mm. of mercury. On this scale the 
freezing and boiling-points of water are 27304 and 37304; 
and as it appears probable that the value of the pressure- 
coefficient is nearly independent of the 
temperature over a considerable range, a 
degree of temperature has the same value 
at any point of the scale. The volume- 
coefficient for hydrogen under similar 
conditions is found to be 0036600, 
which gives 273*2'' as the freezing-point 
of water. The variation of the volume- 
coefficient with pressure is given by 

Amagat as 

8c- 



.-=0*00000186 



/ 



\ 



r\ 



per atmosphere 

Chappuis has compared the nitrogen 
thermometer with the normal hydrogen 
thermometer. The variation between 0^ 
and 100° is insignificant, and at 500*" C. 
amounts to 0'07'^. 

In order to illustrate the general prin- 
ciples of the method by which the pressure- 
coefficient of a gas may be determined, or 
by which temperature may be determined 
by means of a constant volume gas- 
thermometer containing a gas whose pres- 
sure-coefficient is known, some experiments 
carried out by Kuenen and Randall {Phil. 
Mag. 1895) will be described. The ap- 
paratus employed is shown iij Fig. 87. The bulb a, which 
was 120 mm. long and 22 mm. in diameter, was sealed to a 
capillary stem, and was connected through a stopcock with the 
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rubber tube c, leading to a mercury reservoir, and with an 
apparatus for the introduction of the gas (p. 300). The 
rubber stopper e was placed on the stem before it was sealed 
to the bulb. 

The reservoir was first filled with mercury, and raised till 
the mercury rose to the level of the top of the rubber tube, 
the tube was then closed by means of a rubber pinchcock. The 
bulb was then exhausted, the gas introduced, and the side-tube 
d, which had previously been drawn out to capillary diameter, 
sealed in the blow-pipe flame. The pressure of the gas in the 
bulb at the ordinary temperature was about two-thirds of an 
atmosphere. 

The bulb was first surrounded with melting ice and then 
heated in a Eamsay knd Young vapour-jacket to the temperature 
of the vapour of certain pure liquids, of which the boiling-points 
were accurately known. The temperatures were controlled by a 
series of experiments in which the bulb of the thermometer was 
filled with air. The vapour-jackets were protected from air 
currents by means of a screen. The method of measuring • the 
pressure on the gas consisted in bringing the mercury to a point 
on the wide tube above the tap and just below the capillary. 
The vertical height of the mercury column was read by means 
of a scale and telescope. Corrections were applied for capillarity, 
and for the temperature of the mercury. 

The volume of the bulb was determined, and also the- volume 
of the stem outside the vapoui'-jacket ; the volume of the latter 
amounted to about 3 oVd ^^ ^^^ whole ; it was corrected for. 

The volume expansion of the bulb was determined for another 
piece of the same glass by the weight thermometer method, the 
expansion was taken to be a linear function of the temperature. 

The following results serve to indicate the accuracy of the 
method : — 
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ISI 



Freez- 
ing Point 
of 

Water. 



Boiling 
Point I 

_"f Coefficient 
Water. . of 

Expansion, 
0*^ - 100". 



Temperature Calculated. 



I 



Pr«i6sure in nun. 
' of Mercury. 



Ciiloro- 
lienzaMe. 



Hydrogen . . . 
Air {a) . .. . . 
Helium, D = 213 



567-02 



712-56 
737-74 

776-18 



Argon(a), D = l»-99 517-02 706-06 
Argon {b) . . . . , 629-54 

Air(i) I 511-68" 698-79 

! Ramsay and Youn^ < I 

(C. S. J., 47, 640, ' 

55, 483) 



003665 
0-003668 

0-003663 



131-6 
131-8 
132-2 
13215 



132-1 



Aniline. 



188-9 
183-9 
184-1 
184-1 



Quino- 
line. 



Broino* 

naptha> 

line. 



236-35 
(284-9) 
236-9 



281 -65 



184-4 



2.37-8 1281-5 
237-1 ! ... 



237-4 280-4 



The boiling-point of water was determined from the measure- 
ments of Kohlrausch. 

The same instrument has been employed in the measurement 
of low temperatures by Olszewski and others ; but though in 
many eases the results appear to be very concordant (p. 156), their 
absolute value may sometimes be questioned, since the correction 
to be applied for the volume of the gas in the part of the stem, 
which is not cooled, and for the contraction of the glass, are 
somewhat difiRciilt to determine. Mr. Baly has determined the 
contraction of glass between the atmospheric temperature and 
— 180° with the following results : — 



Volume coefl&cient about normal temperature 

between 0° and — 160" C. 



j> 



0-0000285 
0-0000219 



The results show that the coefficient cannot be considered as con- 
stant down to the temperature of liquid air. 

The compensated constant-jJir.ssure gas thermometer. — In order 
to eliminate the correction for the uncooled portion of the stem 
of the thermo^ieter, Callendar (Proc. Roy. Soc. 60, 247) has 
introduced an instrument which I shall describe in detail, as 
it is capable of giving results of the highest accuracy. The 
thermometer is of the constant 2^(^ss2ire type, the pressure of the 
gas being adjusted, and the volume measured at each experi- 
ment. The instrument, which is shown in Fig. 88, consists of 
two parts, B a burette connected by the capillary tube a with 
the thermoineter bulb A ; and a bulb C, also sealed to a capillary 
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mass 
same 



which is of the same dimensions as, and is bent 
similarly to a. The two parts 
of the instrmuent are con- 
nected to the two limba of 
the differential manometer 
1>, The readings ai-e taken 
by meiisuring the volume of 
gas in the burette after 
adjusting the level of the 
mercury till the pressure in 
the two parta of the ap- 
paratus, as indicated by the 
differential manometer, are 
equal. 

The cuudi lions under 
which compensation is per- 
fect are very simple. They 
are — (1) That the two sets 
of connecting tubes, the 
burette B and the bulb C, 
should be at the same mean 
temperature; (2) that the 
of gas in the two i>arts of the instrument should be the 
; (3) that the pressures should be adjusted to equality. 



Where V, 



volui 



in bulb C, 
m„ = mosa of air in bulb C, 

ff„ = temperature of air in Inilb C on the air scnle, 
]i„ = pressure of air in bulb C, 
t = volume of connecting tubes, 
& = temperature of connecting tubes on the air scale, 



where A ia a constant. 



''•(«;+?)-"'■ 



r in themionieti'ic bulb A, ami $t its temperatur 
r in mercury burette B, and &,„ its temperature. 
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And since m^ = m and Pi=Po, 

Ve^y,«^V„ 

By keeping the standard pressure bulb ^ and the burette at 
the same temperature 0^^ 

^ V - V * 

' « ' I/I 

It remains to give a detailed description of the construction of 
the apparatus and the method of using it. The dimensions of the 
bulbs A and C will, of course, depend upon the purpose to which 
the instrument is to be applied. When employed as an air thermo- 
meter in measuring temperatures not far distant from the normal, 
when the bulb is immersed in a liquid which is well stirred or 
which is boiling, a capacity of 50 c.c. is a convenient dimension. 
In the measurement of low temperatures, and in cases in which 
it is difficult to maintain a considerable space at the same 
temperature, the bulb should be much smaller. The range of 
the instrument will also depend upon the relative sizes of the 
bulbs, for if the bulb A is not considerably smaller than the 
bulb C, it will be impossible in measuring low temperatures to 
adjust the pressure on the two sides of the instrument to 
equality by allowing mercury to enter the burette, the two 
masses of gas being equal to one another. 

The manometer is shown in the figure detached from the 
rest of the apparatus so as to make its structure clear. The 
tubes c d are connected with two U- tubes of about 1*5 mm. 
diameter which lie in the same vertical plane. The tubes are 
sealed to two-way stopcocks, so that they can be filled with 
sulphuric acid and mercury respectively after the apparatus 
has been exhausted and the gas introduced. The vertical limbs 
of the inner U - tube, which contains the sulphuric acid and by 
which the final adjustment of the pressure is made, lie a^ 
close to one another as possible. The outer U - tube contains 
mercury, and is employed in roughly adjusting the pressures to 
equality ; it may be dispensed with if the adjustment is made 
by means of a mercury reservoir attached to the burette by a 
rubber tube. 

The apparatus may be exhausted, and the gas introduced by 
means of a two-way stopcock E, connected with both sections of 
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the instrument which, for convenience, may also communicate 
through a second stopcock. 

The burette B may be graduated, and the readings (Y^) may 
be observed directly by means of a telescope. In this case the 
burette is connected, through a stopcock and piece of rubber tube, 
with a mercury reservoir, and the sulphuric acid is brought to a 
level in the two limbs of the U-tube by raising or lowering it. 
More accurate measurements can, however, be made by filling 
the burette with mercury to a point on the capillary tube, and 
running the mercury into a weighed vessel till the pressures are 
brought to equality. The volume V^ is obtained from the weight 
of the mercury, the mercury manometer being used in the first 
instance for the adjustment of the pressure. If the burette is 
connected by one tube of a two-way stopcock with a mercury 
reservoir, it can at once be refilled with mercury for a second 
observation. It is of course necessary to turn the two stopcocks 
on the sulphuric acid and mercury gauges during this operation 
to prevent the acid or mercury from being forced into the bulb C. 

The apparatus may be set up as indicated in the figure. The 
burette and the bulb C are enclosed either in an air space 
l)etween sheets of glass, in a water-jacket, or in a vessel con- 
taining melting ice ; the temperature 0^, is read on a thermometer 
placed between them. The connecting tubes may be covered 
with cotton wool. 

The operation of filling the instrument with gas may be 
carried out in the following manner. The apparatus is first 
exhausted and allowed to remain in connection with the pump 
for some time to remove traces of moisture, and to show whether 
it is perfectly gas-tight. It is then filled with pure air, or with 
hydrogen from palladium (p. 43), and before the stopcock con- 
necting the two sections of the apparatus is closed the level of 
the mercury in the burette is set so that the volume of each 
section is the same, and the whole apparatus is left to itself in 
a room in which tlie temperature is constant. If a very high 
degree of accuracy is desired, the burette and the compensating 
and thermometer bulbs are surrounded with melting ice. The 
stopcock can then be closed. 

The ahsoliUe scale of temperaUtre. — The terms, absolute zero 
and absolute temperature, introduced by Lord Kelvin in 1848, are 
somewhat loosely used, and without going far into the question 
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it may be well to say a word or two with regard to their 
significance. 

In the simple gas equation 

PV = RT 

the temperature, T, is reckoned from the zero of the perfect gas 
thermometer, and if the degree of temperature be arbitrarily 
defined as one -hundredth part of the difference between the 
melting-point and boiling-point of water under normal pressure, 
these points will lie close to 273'' and o73° on the absolute 
scale (see p. 149). 

As far as is at present known, or is indeed possible on 
theoretical considerations, no gas obeys exactly the simple laws. 
Consequently, if the value of a degree of temperature is maintained, 
the absolute temperatures of the melting and boiling-points of 
water will only ai)proximate to the temperatures expressed on 
the scale of a gas tliermometer. To determine the exact relation- 
ship between a gas scale and the absolute scale of temperature, a 
complete knowledge of the thermo-dynamic properties of the gas 
would be necessary. The relationship of temperature, pressure, 
and volume should be determined over a considerable range, and 
the Joule-Thomson effect (p. 188), which gives in a sense a measure 
of the i)erfection of the gas, should be known. Unfortunately, in 
the cases of hydrogen and helium, we have no accurate knowledge 
whatever in this direction. In the first case the gas employed 
has always been very impure, and in the second no experiments 
have yet been attempted. It appears probable that helium and 
hydrogen approach very nearly to the perfect gas, since the value 
oi pv for them appears to vary only very slightly from the normal 
over a considerable range of pressure. Olszewski's observation 
that the readings of constant-volume thermometers filled with 
hydrogen and helium agree exactly down to the boiling-point 
of liquid oxygen suggests that in neither case is the difference 
between the gas scale and the absolute scale of any magnitude. 
It is highly improbable that if any great divergence occurred it 
would be the same in both cases. 

In these experiments Olszewski employed two constant 
volume thermometers of 1 c.c. capacity. The following figures 
indicate the nature of the agreement between the results, though 
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they must only be taken as comparative, and not as direct, 
measurements of temperature. 



Vapour pressure 
of liqaid. 


Temperature by 
helium tlienuomet«r. 


Temperature by 
hydrogen thermometer. 


741 


- 1826 


- 182-6 


240 


-191-8 


- 191-85 


90-4 


- 198-7 


- 198-75 


12 


- 209-3 


- 209-2 


9 


-210-57 


- 210-6 



It may be added that helium approaches most nearly to the 
ideal thermometric substance, and, indeed, furnishes the only 
means of measuring accurately temperatures about and below 
the boiling-point of hydrogen. For such purposes the helium 
must have been freed from argon or other gases of higher boiling- 
point. Further, since the gas cannot undergo dissociation at 
high temperatures, and does not pass through the wall of a red- 
hot platinum vessel, as does hydrogen, it may also be applied to 
the measurement of high temperatures. 

. For the actual measurement of temperature it appears 
probable that the constant -volume thermometer gives results 
which approximate to the absolute temperatures. According 
to Van der Waals^^ the pressure-coefficient at constant volume is 
independent of the temperature, the equation 

V=^ — /I +-0 (p- 177) 
becoming ,rp 

in the case of the more permanent gases under normal pressure. 
Though this is not strictly true for high temperatures it is 
probable that the deviations at low temperatures are of a lower 
order than the errors of experiment. 

Abnormal expansion. — In the majority of cases, as has already 
been pointed out, the pressure-coefficient between O'' and 100** is 
practically constant. It must not be forgotten, however, that this 
is not the case with gases whose boiling-points are not far below 
zero. Sulphur dioxide shows a considerable variation in the 
pressure-coefficient (Amagat, C. r. 7'), I80). 

0° - 10' . . . 0-004233 

10' -20^ . 0004005 

50' .... 0003846 

100 .... 0-003756 
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V. Mayer and Langer {Pyrometrmhe UiUersucken, 18H5, and B., 
1885, 1501) have shown that at high fempenitiires sulphur 
dioxide and nitri^en do not show the same expansiou. It would 
appear that under these conditions the polyatontic gasea, and 
perhaps even the diatomic gasea, dissociate. 

The relaiionship of temperainre, jiresstm, and vohniie tit rare- 
jUd gasee. — Until recently no method has been devised for the 
determination by direct measurement of the pressures exerted 
by rarefied gases, and, indeed, when the pressure becomes equal 
to a column of mercury less than two or three millimetres in 
height, it becomes difhcult to obtain accurate or concordant 
observations. 

The McLeod 'juuge. — This instrument (Fig, 89) was designed 
with a view to measuring the pressure exerted by rare- 
fied gases. The cylinder A, which terminates in a closed 
capillary tube C, is connected through the trap E with 
the apparatus under exhaustion thi-ough the tube ]>, and 
■with a mercury reservoir attached to B. The capillary 
is graduated and calibrated, and the capacity of the 
apparatus to the lower opening of the trap is known ; 
the tube D is also graduated. The whole apparatus 
may, if necessary, be enclosed in a water-jacket. 

In taking a reading the reservoii- is raised so that 
the mercury rises in A and I), forcing the gas contained 
in A into the capillary. Between measurements the 
level of the mercury is kept just below the trap. It 
is found that if the mercury is allowed to fall any 
distance below the trap when the reservoir is raised 
air is drawn through the trap into the chamber A, 
The volume of the gas is then read off, and the pressure 
on it is directly determined from the difference of level 
of the two columns of mercury. 

If it were possible to make the assumption that the 
law 

holds good over wide differences of pressure, since tlie ., g„ 
initial and final volume and its final pressure are known, 
it would be possible to calculate its initial pressure, and it is 
only on this assumption that the McLeod gauge serves to measure 
pressure. It does, however, serve to determine the volume of gas 
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measured at normal temperature and pressure which fills a 
partially exhausted space. 

The relationships of temperature, pressure, and volume of 
rarefied gases, and the efficiency of the McLeod gauge, were 
made tlie subject of a thorough investigation by Professor 
Eamsay and Mr. E. C. C. Baly ; a historical resicmS of the 
subject will be found in their paper. With regard to the 
McLeod gauge, it was found to be utterly untrustworthy as a 
means of measuring low pressures in the case of air or carbon 
dioxide. It appeared that considerable surface condensation 
took place, and that the magnitude of the error so introduced 
varied not only with the extent of the surface exposed to the 
gas, but with the nature of the glass ; no two gauges ever gave 
comparable results. With hydrogen, liowever, the case was 
different. Perfectly concordant readings were obtained, and by 
comparing the readings of the McLeod gauge with the pressures 
indicated by a manometer, it was found that for pressures 
between 650 and 2 '5 millimetres of mercury ^y had a constant 
valiie. 

As it was found impossible to observe with any accuracy 
pressures smaller than 2*5 millimetres, no direct evidence that 
the value of pv at lower pressures remained constant could be 
obtained. By measuring the quantity of gas in an apparatus of 
known volume after a known number of strokes of a pump of 
known capacity it appeared, however, that the expansion was quite 
regular, and that no surface condensation took place down to a 
pressure of 0*000076 millimetres. Consequently, when working 
with pure hydrogen, and probably also with helium, neon, argon, 
etc., the McLeod gauge may be depended upon to a certain 
extent. 

With carbon dioxide marked indications of surface condensa- 
tion were observed, and after a time further pumping did not 
appear to reduce the pressure, which had apparently become 
equal to the vapour pressure of the condensed gas. This result 
was confirmed by admitting a known volume of carbon dioxide 
to the exhausted apparatus, and observing the pressuu recorded 
by the McLeod gauge. 

It may be well to mention here the curious anomaly first 
observed by Bohr in the expansion of oxygen. At 0*7 mm. the 
pressure becomes erratic, and it is quite impossible to obtain 
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concordance between two consecutive readings till some days have 
elapsed. It would appear that some intrinsic change takes place, 
probably dissociative, and some time is required for equilibrium 
to be established. The gatf behaves regularly at lower pressures. 

The coefficient of expansion was determined by jacketing one 
of the two gauges with the vapour of a boiling liquid. The 
following is a summary of the results. 

(i.) The coefficient of expansion of hydrogen is normal down 
to 0*1 millimetres; at lower pressures it decreases. 

(ii.) The coefficient of expansion of oxygen is greater than 
the normal. It increases to ^J-g- at 1*4 millimetres; at 0*7 
millimetres it becomes erratic, but appears to increase steadily at 
lower pressures. 

(iii.) The coefficient of expansion of nitrogen is lower than 
the normal at pressures between 1 and 5 millimetres ; it decreases 
at lower pressures. 

At the close of their paper, Messrs. Baly and Ramsay discuss 
the probability of a limiting value to the pressure exerted by a 
rarefied gas. On the basis of the kinetic theory gas pressure is 
assumed to be caused by impact of the molecules upon the walls 
of the containing vessel, and when energy is communicated to the 
gas it is partially transformed into internal and partly into trans- 
lational energy. It is possible to conceive of a condition of 
mrefaction in which the whole, or nearly the whole, of the energy 
is transformed in the molecule itself, giving rise perhaps to the 
phenomena allied to phosphorescence. In the gas equation "j^" 
would then assume a lower limiting value ; such a condition 
would obtain in the limiting layer of the atmosphere. 

Lord Rayleigh (Froc. Roy. Soc, 1901) refers to an apparatus 
for the direct measurement of very low pressures ; the details 
have not yet appeared. His results appear to show that the 
vajiue of " yv " remains constant in the case of the commoner 
gases down to very low pressures, and he failed to observe the 
irregularity in the expansion of oxygen at a pressure of about 
7 mm. 

For t/te violccidar weight of gases at low pressure, see p. 140. 

The exhaustion of glass ai^paratus, — In the exhaustion of glas-s 
apparatus it is necessary to take into consideration the condensa- 
tion of gases and of moisture on the surface of the glass. In 
order to eliminate any chance of the presence of hydrocarbons, or 
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of any quantity of carbonic acid, the apparatus should be thoroughly 
cleaned before it is attached to the pump. After sealing the appar- 
atus to the pump it should be partially exhausted, and allowed 
to stand for a time in order to permit of the absorption of water 
vapour by the pentoxide of phosphorus. During the latter stages 
of the exhaustion a few moments should be allowed to elapse 
between each stroke ot the pump, in order to allow time for the 
equalisation of the pressure throughout the apparatus. 

It has already been pointed out that after a time, if the 
apparatus contains carbon dioxide, a limit of exhaustion is reached. 
For the production of high vacua it is necessary to thoroughly heat 
the vessel under exhaustion either with a Bunsen burner or by 
enclosing it in an asbestos oven. The carbon dioxide may be 
" washed out " of the apparatus by admitting a small quantity of 
pure air and re-exhausting. The exhaustion of glass apparatus 
will be dealt with further in the chapter on spectrum analysis. 



CHAPTER XIV 

RELATIONS OF TEMPERATURE, PRESSURE, AND VOLUME OVER WIDE 

RANGES OF PRESSURE AND TEMPERATURE 

Boyle's law — Despretz's experiments — Pouillet's experiments — Dulong and Arago — 
Regnaolt'a experiments, the value of pv at constant temperature — Natterer's 
experiments — Cailletet's ex]ierinients — Amagat's experiments and the applica- 
tion of his results — Kammerlingh Onnes' standard manometer — Observations 
of Cagniard-Latour — Andrews' investigations — The critical state. 

From the time of the discovery of the law connecting pressure and 
volume by Boyle and Alariotte about the year 1666 up to 1837, its 
absolute value had remained unquestioned. In that year Despretz 
succeeded in showing that at a pressure of fifteen atmospheres 
hydrogen was less compressible than carbon dioxide and sulphur- 
etted hydrogen. He employed a differential method. The gases 
were confined over mercury in similar tubes, which were enclosed 
in a glass vessel containing water; the pressure was applied by 
means of a screw piston. The method was afterwards improved 
by Pouillet, who first employed the metal compression chamber 
and screw plunger; the capillary tubes containing the gases 
projected through the wall of the chamber. 

Dulong and Arago were the first to apply the direct pressure 
of a column of mercury to the compression of gases, but their 
results failed to indicate any deviation from Boyle's law. 

Later, Begnault undertook the study of the compressibility of 
gases, and in a long series of experiments succeeded in determining 
the deviations from Boyle's law with considerable accuracy. 
Kegnault's results have now been superseded, but they are of 
considerable historical importance, and served with sufBcient 
accuracy as a basis for his researches on the specific heats of gases 
and in other investigations. 

Eegnault's apparatus closely resembled that of Dulong and 

M 
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Arago. The manometer consisted of a series of thick-walled 
glass tubes joined in to a height of 30 metres, and set at their 
base into an iron vessel, which was also in communication with 
the tube containing the gas, and with a force-pump. The pump, 
which was intended to transmit pressure to the mercury in the 
iron chamber by means of water, could be cut off by means of 
a stopcock when an observation was being made. This was 
essential on account of the inconvenience caused by leakage. 

Since the negative results obtained by Arago and Dulong 
might be accounted for by the fact that when the gas is com- 
pressed to small volume, the error of observation becomes a 
considerable part of the whole, and comparable with the deviation 
to be sought for, Eegnault devised another method. The com- 
pression tube was not sealed at the top, but was connected by 
means of a stopcock with a vessel containing the gas to be 
examined under pressure. There were two divisions on the 
manometer tube marking equal volumes from the stopcock. The 
method of observation was as follows. 

The compression tube and manometer were filled with mercury, 
and gas was admitted till the mercury fell to the level of the 
first mark ; the stopcock was then closed, and the pressure was 
adjusted and observed. The pressure was then allowed to fall 
until the gas had expanded to fill the tube to the second mark, 
and a second observation was taken. In this way it was possible 
to obtain a series of relative values of pv, and eliminating such 
errors as might be connected with the measurement of volume, 
the accuracy of the manometer readings was about 0*5 mm. It 
was necessary to apply corrections for the tempemture of the 
mercury column, and for the barometric pressure at the surface 
of the mercury. 

Eegnault's results proved conclusively that in the majority of 
cases the compressibility was greater than was stated by Boyle's 
law. In the case of hydrogen, the *' gas plus que parfait" it was 
less (see also p. 197). 

The relationship of pressure and volume over wide ranges of 
pressure was first studied by Natterer. The results of his in- 
vestigations are published in the Sitzunffsberichte der Wiener 
Akademie and in Poggendorfs Annalen between the years 1844 
and 1855. The gas was compressed into a wrought-iron vessel 
by means of a pump, and the pressure was transmitted through 
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mercury to a loaded piston, which acted as a manometer. The 
lower surface of the piston was hollowed, and the edges, turned to 
razor sharpness, formed a thin ring of metal, which was pressed 
by the liquid against the walls of the cylinder, forming a good 
joint. This arrangepient, which had previously been employed in 
experiments on liquids under pressure, was afterwards modified 
by Amagat, and applied to the measurement of very high pressures, 
batterer's results can only be taken as pointing qualitatively to 
a divergence from Boyle's law in the case of all the gases 
examined. 

Cailletet, to whom much of our knowledge concerning the 
compressibility and liquefactiop of gases is due, also conducted 
a series of researches on the same subject. In liis earlier experi- 
ments the gas was confined in a compression tube (Fig. 98), and 
the pressure was applied by turning a screw, as in Pouillet's 
apparatus. The pressure was measured by reading the rise 
of mercury in the stem of a thermometer with a spherical 
bulb which was contained inside the apparatus. In his later 
experiments the tube which contained the gas was completely 
enclosed in a steel vessel, which was connected through a long, 
flexible steel tube with an open reservoir containing mercury. 
The tube was wound on a drum 2 metres in diameter, fixed on a 
vertical axis, and the case containing the compression tube was 
lowered into an artesian well. On the inside of the glass com- 
pression tube a thin film of gold had been deposited, which was 
dissolved by the mercury, and served to indicate the volume to 
which the gas had been compressed. The pressure was deter- 
mined by measuring the vertical height of the mercuiy column in 
the steel tube. This amounted in some cases to 500 metres of 
mercury : — 

Value of 'pv at 200 Atmospheres for Air 

Natterer . . . . . . I'Ol 

Cailletet ....... 1*05 

Amagat 1*07 

It appears probable that the results obtained by Amagat for 
the compressibilities of nitrogen, oxygen, air, and carbon dioxide 
are most to be relied upon. The experiments were commenced 
in 1878, and the results are to be found in the Comptes rendics 
(1878, 87, 438; 1879, 88, 336, 89, 436; 1884, 99, 1153). 
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The experiments are described in detail in the Annates de Chemie 
et de Physique (1880, 19, 345 ; 1881, 22, 353 ; 1883, 28, 456. 
464). A resum4 of hie reaearchea was published in the same 
journal in 1893. 

AmE^at's method was similar to that of liegnault, only the 
tube which formed the manometer was of steel, joined in sections 
to a height of 330 metres in his later experiments. The appar- 
atus was first set up at Lyons on the face of a cliff above the 
Saone.> Later it was removed to the shaft of a coal-pit at 
Yerpilleux near St. Etienne, where it was possible to obtain a 
vertical height of 340 metres. 

A section of the apparatus is shown in I'ig. 90. The gas 
was contained io the glass compression tube A, the capillary 
portion MM of which passed through 
the cap of the compression chamber, 
leak^e being avoided by packing 
the space b with greased leather 
washers. The capillary tube MM 
was surrounded by a water-jacket, 
and a current of water entering at 
M and escaping at B maintained it 
at constant temperature. The spaces 
V P" inside the apparatus contained 
mercury, and communicated through 
a screw-down cock with a strong 
irou vessel, also containing mercury, 
into which glycerine could be 
pumped. In this way the mercury 
was forced to rise in the steel tube 
CC, which entered the apparatus 
through the cap p. The tube was 
of about 2 millimetres iniemal dia- 
meter, and the sections of it, which 
were about 25 metres long, were 
connected by screw unions, and secured by clamps to the iron 
pipe which suppHed air to the lower galleries of the min& 

The capillary portion of the glass compression tube was 
graduated; it was about 50 centimetres long and 1 millimetre 
internal diameter. To eliminate errors in observation, due to the 
small volume occupied by the gas at high pressures, three tubes 
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of different capacities were employed. The tubes were capable 
of withstanding a pressure of 500 atmospheres, but their actual 
expansion under high pressures was not determined. 

In making an experiment it was necessary to mount in the cage 
to the height at which an observation was to be taken. One of 
the unions between two sections of the steel tube was then 
unscrewed, and the upper tube was replaced by a cap carrying a 
glass cylinder. Then mercury was thus raised by the pump 
below till it entered the glass vessel, and readings of the volume 
of the gas and of the vertical height of the mercury column were 
taken simultaneously. The height of the barometer at the upper 
level, and the temperature of the mercury, as indicated by ther- 
mometers placed 30 metres apart, were also determined. The 
latter only varied very slightly, as there was but one shaft to the 
mine. The vertical heights were measured by means of a steel 
wire, and were afterwards referred to a scale 10 metres long. 
The extension of the wire was also determined. 

These experiments form the basis of nearly all modern experi- 
mental work involving the measurement of high pressures, and 
from this point of view they are of the highest importance. The 
relationship of pressure and volume at 15° C. were only deter- 
mined directly by means of the apparatus just described in the 
case of atmospheric nitrogen, which was very rightly taken as the 
standard gas. The results obtained with oxygen, air, and carbon 
dioxide are none the less reliable, but in the case of hydrogen the 
gas was obviously impure. Amagat states that the gas was 
obtained by heating together oxalic acid and soda lime ; formic 
acid was probably used, and in this case the gas would contain 
at least 20 per cent of carbon monoxide. On the basis of these 
results Sarrau calculated the critical constants of the gas by means 
of Van der Waals* equation. 

NiTBOGEN. — (a) The values of PV at pressures between 30 
and 430 atmospheres were determined by means of the open 
manometer in 1880. The results are expressed in terms of an 
empirical value of PV at 30 atmospheres, (b) The values of PV, 
in terms of PV at normal pressure equal to unity, between 20 
and 65 atmospheres determined by a similar apparatus erected in 
a church tower at Fourviers in 1884. 

The following table contains the values of PV for nitrogen 
at 15° C. between normal pressure and 220 atmospheres. The 
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values at 5, 10, and 15 atmospheres are obtained from Eegnault's 
observations. The values of PV at the higher pressures have 
been reduced from Amagat's empirical values, which are given in 
italics. The agreement between the two series is very good. 







Series I. 


(6). 






P (metres). PV. 




P (metres). PV. 


0-' 


76 1-0000 






35 


0-9899 


5 


0-9981 






40 


0-9896 


10 


0-9963 






45 


0-9895 


15 


0-9946 


1 




50 


0-9897 


20 


0-9930 






55 


0-9902 


25 


0-9910 






60 


0-9908 


30 


0-9908 


Series II. 


(a). 


65 


0-9913 




P. 


PV (relative). 


PV(^ 


rat 0-76 m.=l 




20'7JfO 


50989 






0-9924 




2>5'S37 


50897 






0-9908 




40 


• •  






0-9898 




45 


• • • 






0-9891 




47'U6 


50811 






0-9891 




50 


 • • 






0-9892 




55 


 • • 






0-9898 




60 


50087 






0-9906 




01-241 


50895 






0-9910 . 




65 


50939 






0-9915 




09-140 


50987 






0-9925 




70 


• • % 






0-9927 




75 


• •  






0-9941 




80 


• «  






0-9958 




S2'970 


51220 






0-9971 




85 


 • • 






0-9978 




90 


• • • 






0-9993 




95 


• • • 






1-0018 




06-iil 


51002 






10045 




96-098 


51594 






1-0043 




100 


•   






1-0066 




110 


• • • 






1-0148 




120 


• • • 






1-0233 




US-290 


52800 






1-0301 




130 


m • • 






1-0314 




140 


• • m 






1-0397 




150 


• mm 






1-0480 




loS'oO'i 


oJ,214 






1-0552 




160 


• • • 






1-0566 
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P. 


PV (relative). 


PV(VatO-76m. = l). 


170 


•  • 


1-0655 


180 


• • • 


10752 


190 


 • • 


10860 


190'88o 


0680O 


1-0871 


200 


  • 


1 0970 


210 


• • • • 


1-1085 


220 


•  • 


1-1207 


221 '103 


57796 


1-1250 



When these results are plotted it is noticed that the value of 
j)v at first decreases, and attains a minimum at about 55 metres. 
Between 65 and 100 metres the value of pv increases very 
rapidly, and between these limits manometer readings would not 
indicate the pressure with any great accuracy. 

Eelatioiiship of pressure and volume for air at 15°. — The 
values of ^>y between 20 and 65 metres, expressed in terms of 
the value at atmospheric pressure, are taken from Amagat's 
latest paper ((7. r., 1884, 1153). The values at 5, 10, and 15 
metres were calculated from Eegnault's results by Prof. Sydney 
Young, who also points out that the figure 0'9832 for the value 
of ^r at 35 metres is probably incorrect ; the true value obtained 
by three methods of interpolation appears to be 0'98365. The 
values of pv for pressure above 65 metres are taken from 
Amagat's earlier results {A, de Ch., 1880, 375); they were 
obtained by comparing the nitrogen and air manometers. The 
values of pv in the second series are reduced to the same 
standard, pv at atmospheric pressure equal to unity, from the 
relationships of the interpolated values at 55, 60, and 65 metres. 
The agreement between the two series is good, although in the 
second series the temperature was 22°. 

Series I. 



P (metres). 


PV. 


P (metres). 


PV. 


0-76 


1 -0000 


35 


0-98365 


5* 


0-9977 


40 


0-9824 


10* 


0-9951 


45 


0.9815 


15* 


0-99255 


50 


0-9808 


20 


0-9901 


55 

1 


0-9804 


25 


0-9876 


60 

1 


0-9803 


30 


0-9855 


1 65 


00807 



From Regnault's measurement. 
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Series IL 




P (metres). 


PV (relative). 


PV(PVatO-76m. = l). 


45-25 


26791 


9811 


60 


• • • 


9811 


65 


• •  


9810 


55-50 


20798 


9810 


60 


• • • 


9807 


Gi-Of) 


26778 


9806 


65 


• m • 


9806 


70 


• • • 


9809 


7216 


26792 


9811 


84-22 


26840 


9829 


101-47 


27041 


9903 


133-89 


27608 


1-0110 


177-60 


28540 


1-0452 


214-54 


29585 


10810 



The appai'atus employed in determining the compressi- 
bilities of air, oxygen, etc., only differed from the one described on 
p. 164 in that in the place of the open manometer, the chamber 
containing the compression tube was connected with a second 
steel vessel containing a compression tube filled with nitrogen to 
act as a gauge, and a screw plunger was employed to facilitate the 
final adjustment of the pressure. Two nitrogen manometers were 
used, one indicating pressures below 130 atmospheres, the other 
pressures above 100 atmospheres. So as to make certain that 
the two sets of results were strictly comparable, both manometers 
were placed at once in the compression apparatus, and readings 
were taken between 100 and 130 atmospheres. In determining 
the compressibility of a second gas the, mercury in the nitrogen 
manometer was always brought to a point at which an actual 
observation had been made against the open manometer. 

The efifect of temperature on the compressibility of gases was 
also investigated; in some cases a series of isothermals were 
determined. 

Amagat has also determined the relationships of temperature, 
pressure, and volumes up to 3000 atmospheres. The methods 
employed are described in the resumi of his more important 
researches in the Annales de Chemie et de Physique for the year 
1893. The values of V and PV corresponding to every 100 
atmospheres up to 3000 atmospheres are given at 0°, 16"", and 
45° for hydrogen, nitrogen, and air. and at 0° and 16° for 
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oxygen; the volumes at 3000 atmospheres pressure, in terms' of 
unit volumes under standard 
conditions, for these gases 
are as follows : — 

Volume. t. 

Oxygen . 0-0013860 156 

Hydrogen . 0-0010125 154 

Nitrc^en . 0-00l5£25 16-0 

Air . . 00014660 16-7 

The values of V and PV 
for the same gases corre- 
sponding to every 50 atmo- 
spheres up to 1000 atmo- 
spheres is also given at 0°, 
16°, 100^and 200° 0. 

For a description of the 
method employed reference 
must be made to the original 
paper ; it will sufiBce to 
state here that the pressure 
applied to the surface of a 
large piston was transmitted 
through a piston of much 
smaller area in the same 
axis, to the liquid in the 
apparatus containing the gas. 
From the pressure at the 
surface of the large piston, 
and the ratio of the areas of 
the two pistons, the pressure 
on the gaa could be directly 
calculated. 

A shortened form, of ike 
open manometer was su^ested 
by Andrews, and has recently 
been applied by Kammer- 
lingh Onnes (Netherland's 
Academy, 1898, "Communi- 
cations from the Physical 
Laboratory of the University of Leyden," Xo. 44) to the measure- 
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ment of high pressures. A number of glass syphon manometers, 
ab, ab\ aV\ etc., are placed in series, the upper chamber of each 
being connected with the cistern of the next, and also, through a 
steel cock, c, c', with a tube de. The first syphon, oi, of the 
manometer is of the same diameter throughout, is open to the 
atmosphere, and serves for the meiisurement of small fractions of 
an atmosphere ; a short U-tube a"})" at the high pressure end 
of the system serves a similar purpose. The tube de is connected 
through a cock/, with a cylinder filled with compressed air, 
through a cock rj, with a Bourdon gauge li, and through the cock 
h or Ic with any piece of apparatus in which the pressure is to be 
determined. The gauge serves to indicate the pressure to which 
the manometer must be adjusted before the cock g is opened. 

The manometer tubes a h\ etc., are of such a length as 
to give a difference of level of 3 04 metres (4 atmospheres) 
between the surfaces of the mercury ; to withstand the higher 
pressure the thickness of the walls of the wider portions was 4 
mm., and the internal diameter 6 mm. The connections are made 
by means of fine steel tubes and caps fitting over the ends of the 
steel tubes, and the cocks c, c are also of steel. In order to 
preserve the apparatus the air was carefully dried before it was 
allowed to enter by passing through cylinders containing soda 
lime and pentoxide of phosphorus. 

The adjustment of the apparatus to a given pressure is 
performed by admitting air cautiously into the spaces between 
columns of mercury. To bring the pressure to 46;J^ atmospheres, 
for instance, it will be necessary to raise the mercury to the 
full height in 10 of the syphons, 6, h\ etc., and to the height 
corresponding to 2^ atmospheres in the open tube ab. To do 
this the cocks c, c\ etc., are all opened and the cock / on the air 
cylinder is turned till the mercury rises in ab to the required 
height ; k and c are then closed. By again opening the cock / 
the mercury is raised to the full height in the syphon ab\ and 
after closing c in each of the syphons in turn till the pressure 
in the tube de has reached 46^ atmospheres. After opening the 
cock (f any small final adjustment can be made by means of the 
short U-tube. 

The heights of tlie columns are read oif on graduated rods 
suspended between the manometers, tlie temperature of each 
column is determined by means of a thermometer placed beside it. 
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Tn determining the pressures from the observed heights, it is 
necessary to subtract the weight of the columns of air in the 
connecting tubes between the levels of the meniscus in two adjacent 
syphons. In the case of air this connection amounts to 120 
mm., when the pressure is raised to 60 atmospheres. 

The instrument is chiefly employed in standardising com- 
pression manometers. 

The compressibility of hydrogen at low temperature has been 
determined by Wroblewski (Wiener Akademie, 1888), but the 
observation only covered a limited range. He found that the 
equation, which is similar in form to that of Clausius, 



RT K 



held good between + 100° and - 182° C. He gives the follow- 
ing values for the constants : r=,-—, a = 0-0011695, K = 0-00051017, 

€ = 1'003892. 

TJie effect of temperoUure on the compressibility of gases. — The 
researches of Eegnault did not extend to the determination of the 
compressibility of gases at temperatures other than 0° C. Be- 
tween 1862 and 1866 Van der Kolk determined the relative 
compressibilities of several gases at 0° and 100° C. {Fogg. Ann, 
116, 427, 126, 433). The results showed that whereas the 
compressibility of air did not vary between these temperatures, 
the deviation from the pv law was less in the case of carbon 
dioxide at 100° than at 0°. Amagat in 1871-72 (C. r. 73, 
184, 76, 179) obtained similar results over wider ranges 
of temperature. 

In 1822 Cagniard-Latour had observed that when a 
liquid was heated in an enclosed space it became totally 
vaporised above a certain temperature. He employed 
the apparatus shown in Fig. 92. The branch a of the 
U-tube contained air and served to measure the pressure 
exerted by the vapour of the liquid in h. . The apparatus 
was heated in an air-bath, the temperature of com- 
plete volatilisation was determined, and the pressure 
was calculated from the volume of the air in the tube At. He 
obtained the following results : — 




Fio. 92. 
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Temperature of volatilisation. Pressure. 
Ether . . . 175" C. 38 Atm. 

Carbon bisulphide .• 258** „ 71 „ 

He was unable to completely volatilise water. It is interest- 
ing to note that the numbers do not lie very far from the actual 
critical temperatures and pressures of these liquids. 

As has already been pointed out, it was the results of the 
researches of Andrews which explained the failure of Faraday, 
Natterer, and others to liquefy the so-called permanent gases by 
pressure alone. Faraday, indeed, appears to have regarded the 
permanent gases as being in a state comparable to that of the 
ether in Cagniard-Latour's experiment ; but though he believed in 
the existence of a critical temperature he made no attempt to 
confirm this view by experiments on the gases that he had 
actually liquefied. The results of Andrews' first experiments 
were published as a note in Miller's Chemical Physics in 1863, 
and are stated as follows :\ — " On partially liquefying carbonic 
acid by pressure alone, and gradually raising at the same time 
the temperature to 31° C, the surface of demarcation between the 
liquid and the gas became fainter, lost its curvature, and at last 
disappeared. The space was then occupied by a homogeneous 
fluid, which exhibited, when the pressure was suddenly diminished 
or the temperature slightly lowered, a peculiar appearance of 
moving or flickering striae throughout the entire mass. At 
temperatures above 31° C. no apparent liquefaction of carbonic 
acid, or separation iuto two distinct forms of matter, could be 
effected, even when a pressure of 300 or 400 atmospheres was 
applied, nitrous oxide gave analogous results." The temperature 
at which the phenomenon took place he called the critical point. 
This observation formed the basis of a series of investigations, 
and the results, under the title " The continuity of the gaseous 
and liquid states," was made the subject of the Bakerian Lecture 
for the year 1869 {Phil Trans,, 1869, 575). The following is a 
brief account of his experiments. 

The gases were contained in glass tubes a, hy c, d (Fig. 93). 
The tubes were of capillary bore from a to 6, the section he ^vas 
2*7 mm. in diameter, and the section cd somewhat smaller. The 
capillary tubes were carefully calibrated, the capacity of one 
millimetre of length being from 0*000025 to 0-000030 c.c, the 
volume of the apparatus from some point on the capillary tube 
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to two marks e and / were also known. These marks served to 
determine the volume of the gas confined over mercury in the 
tube, after the point a had been sealed, by determining the 
change of pressure required to bring the surface of the mercury 
from e to f. 

The tubes were filled with the gases to be examined by 
attaching the end d to the apparatus generating the gas, and 
allowing a stream of gas to pass through the tube for some time. 
The tube was then sealed close to a, and the end d was 
temporarily closed. 

The end of the tube d was opened beneath the surface of 
mercury in a vessel so arranged that the pressure on the surface 
of the mercury could be reduced by means of an air pump. 
During this operation gas escaped from the tube, and on restoring 
the pressure mercury entered to take its place. Some of this 
mercury was afterwards removed from the tube, so that the gas 



/ 



e c 



> 



Fig. 93. 



was finally confined in the upper portion of the tube by means 
of a plug of mercury (Fig. 93). The tube was then attached to 
one limb of a long U-tube containing mercury, and the pressure 
exerted by the gas when the mercury was brought to the points 
e and / was determined. The volume of the gas was c£ilculated 
from these data. 

Two tubes which contained respectively air, and some other 
gas such as carbon dioxide, were placed in the same compression 
apparatus which was of the foim employed by Pouillet. The 
compression chamber, a rectangular box of stout copper, contained 
the w^ider portions of each tube, the capillaries alone projecting 
through the top. The chamber contained water, and the pressure 
was applied by means of two screws which passed through 
glands into the interior. 

The capillaries were surrounded by water-jackets; the one 
containing air was maintained at nearly constant temperature, 
the other at temperatures which varied between 13° and 48°. 

The tube containing air served as a manometer, but since 
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the deviations from Boyle's law were not known with sufficient 
accuracy, the results were expressed as if the equation PV = c 
were absolutely true. 

The most important experiments, which form the subject of 
the Bakerian lecture, were carried out with carbon dioxide. But 

since the gas contained about 
^^jj of its volume of air the 
results are not of the highest 
looafm. accuracy. This, however, 
does not detract from their 
importance. 

The results are most 
easily explained by means 
of the cur\'es shown in Jrig. 
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94. 

When carbonic acid was 
compressed at 131' the 
volume decreased regularl}' 
till a pressure of 49*1 
atmospheres, as indicated 
by the air manometer, was 
reached. At this point 
liquefaction commenced, and 
if the gas had been quite 
free from air, the whole of 
the gas would have liquefied 
without further increase of pressure; this change would have 
been represented by a portion of the curve parallel to the lines 
of equal pressure. It was found that the increase of pressure 
required to licjuefy the first and second -thirds was only 2 5 
atmospheres, but to liquefy the whole of the gas an increase 
of pressure of 1*5 atmospheres was required. This can be fully 
accounted for by the presence of air. 

The curve representing the relationship of pressure and 
volume at 21*5'' has the same form as the first; the pressure 
required to produce liquefaction, and the final volume of the 
liquid were, of course, greater. 

It was noticed that the compressibility and thermal expan- 
sion of liquid carbonic acid were considerable ; the latter obser>'a- 
tion was first made by Thilorier. 
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The next set of experiments were conducted at temperatures 
above the critical point, 30*92^ C. The results showed that in 
each case a considerable reduction of volume occurred after 
arriving at a certain pressure, but although the "flickering 
movements " due to change of density in different parts were 
observed, no separation of liquid took place. The change of 
volume is shown by the curves to be less abrupt when the 
temperature lies farther from the critical point ; at 48° C. it has 
disappeared altogether. 

These results lead to the conclusion that the gaseous and 
liquid states are only widely separated forms of matter, and that 
the changes from one to the other take place without inter- 
ruption or breach of continuity. 

The equations of Van der Waals and others. — From the 
study of the relations of temperature, pressure, and volume, even 
over limited ranges, it is obvious that the equation, 

PV = RT, 

is only an approximation, even for the more perfect gases at 
temperatures distant from their critical points. 

That Eegnault succeeded in applying an empirical formula 
to the results which he had obtained has already been pointed 
out, but even if his observations had been of a more accurate 
nature his formula could not have held over wider ranges. 
Further, from the true gas equation it should be possible to 
calculate the critical constants as well as the isothermals. 

A formula based on physical considerations as to the con- 
stitution of gaseous matter must necessarily take into considera- 
tion the size of the molecules and their mutual actions and 
attractions. The most remarkable attempt to develop an equation 
of this kind was made by- Van der Waals in an inaugural 
dissertation in 1873. 

The idea first put forwkrd by Andrews, that there is no 
breach of continuity between the gaseous and liquid sUites 
forms the basis of the theory of Van der Waals. In both cases 
we must consider the constituent molecules under the influence 
of internal forces dependent upon their character and proximity. 
The molecules in the mass of the substance must be acted upon 
equally in all directions, while on those in the surface the 
attraction tends only to draw them inwards. 
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If the attraction of molecules in a small element of the sur- 
face on each molecule within the substance, is proportional to the 
products of their masses, or to some similar property independent 
of the temperature, since the number of molecules in unit surface 
or in unit volume is proportional to the pressure, the attraction 
will vary inversely as the square of the volume. The value of 

P in the gas equation then becomes (p + -2). 

Taking into consideration the volume of the ultimate particles, 
V becomes (V — 6), where b is the volume occupied by the gas 
when compressed to the utmost The value of b was supposed 
by Van der Waals, on the basis of the theory of probabilities, to 
be four times the actual volume of the molecules. According 

to 0. E. Meyer it should be 4 ^2 times the volume ; this number 
has been verified by Young from his observations on the alcohols. 
The gas equation then becomes : — 

This formula was first applied to the recalculation of the 
isothermals of carbon dioxide from the experimental results of 
Andrews, with satisfactory results ; but the range of the experi- 
ments was not sufi&ciently wide to serve as a crucial test. 
Before, however, going further into the question of its validity, 
it may be well to point out a few general facts with regard 
to it. 

The equation represents the value of PV as decreasing at 

first, attaining a minimum and then steadily increasing. This 

(t 
is obvious since —, increases more slowly as v decreases, and 

(V — 6) only begins to dififer appreciably from V when the latter 
becomes small. 

In the case of hydrogen the experiments of Joule and 
Thomson in 1854 had shown that on expanding the gas without 
interference of external pressure, no rise of temperature was 
observed as in the case of other gases, but, if anything, a cooling 
efifect, and that consequently the internal attraction among the 
particles was practically zero. As Eegnault's experiments have 
shown, the value of PV increases directly with the pressure and 
does not show a decrease at first. 

When applied to gases near their critical points the iso- 
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thermals exhibit the irregularities first demonstrated by Andrews ; 
and at temperatures below the critical point the following 
rather remarkable results are 
obtained. 

Andrews' curv^es show that 
on reaching a certain pressure, 
dependent on the temperature 
only, liquefaction commences, 
and becomes complete without 
further change of temperature ^ 
or pressure. There are thus 
two volumes corresponding to 
these conditions, the volume 
of the gas, and the volume of 
the liquid. As James Thom- 
son subsequently pointed out, 
relationship of pressure and 
volume about the point of 
liquefaction should be repre- 
sented by a sinuous line ahcde, 
and not by the straight line 
ace. 

Since Van der Waals' formula is an equation of the third 
degree, it has either one or three real roots, and gives instead of 
two volumes three, the third (p. 249) being situated between the 
other two. The curve is sinuous and of the form ahcde. Of 
the physical meaning of this third volume, or of the portion of the 
curve bed, we can have no conception ; the curve ah represents 
supercooled vapour, and the curve de superheated liquid. 

At higher temperatures the three points representing the 
three volumes come closer together, till they finally coincide in 
the critical point. At this point, therefore, the three roots of the 
equation become equal ; the calculation of the volume of the 
critical constants is not difficult. 

Tf the initial pressure and volume be made equal to unity, 

R = ^^ = (M^Hlj-^) 
T 273 



Fio. 95. 



TT 






VV 273 



.\ 
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Solving for V, 



( ^ 273 P J ' ^P ' P ~^' 

which is an equation of the form, 
If its three roots are p, q, and r, 

(V'-p){y-q){V-r) = 0. 

And since the three roots become equal at the critical point, 
if <f> is the critical volume, 

(V - <t>f = 0. 
If is the critical temperature, and tt the critical volume, 

And since corresponding coefficients of V must be equal, 

<^ = - 3<^- = ^, 3<^ = 6+ ^^ 

« 8 a 

^ = ^''' ^ = 276-^' ^=2"7K6- 

The calculated value of the critical point of carbon dioxide 
was 32*5°; it was not, however, possible to trace the isothermals 
far by means of this formula. 

In Van der Waals' equation it is assumed that the value of a 
is independent of the temperature, and that b is also a constant ; 
in the latter case it appears probable that the variations with 
temperature and pressure are not great. The first attempt to 
connect the value of a with the temperature was made by 
Clausius, who put forward the equation, 

K 



(^ + T(.:TA-^)(^'"^) = ^^- 



The equation has no direct physical meaning, as K and fi 
are arbitrary constants, and it does not represent the form of the 
isothermals with greater accuracy than the equation of Van der 
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Waals. The results obtained by YouDg for the relations of 
temperature, pressure, and volume for isopentane led Rose-Innes 
{Proc. Roy, Soc. 16, 126, 16, 11) to the following formula, 

Rt J e I ^ 

^~ V I v + k - r/v~- f v{v + k) 

This equation is of the fifth order, but since it has only three 
real roots it is capable of expressing the relationships about the 
critical point. 

Quite recently Dieterici (Wied. Ann. 69, 685) has put forward 
a suggestion that the term a in Van der Waals* equation does not 
vary with v^ but with "v^ ; the reasoning is as follows : — Let us 
imagine a slice, of an area of one square centimetre, cut from the 
middle of the substance in the critical state, the slice being so 
thin that only one molecule can lie in it. Let n be the number 

of molecules in volume r, then = N are present in one cubic 

centimetre. Let us suppose with Clausius that each molecule be 
surrounded by a cube of edge X. 

V = NA3 = i C.C. 

V 

A slice of height X, and of one square centimetre in area 
contains N^ = f - ] molecules. 

The cohesion pressure tt, which is expressed by ^ in Van 

der Waals* equation, is the sum of all forces exerted by molecules 
contained in the slice. Assuming with Van der Waals that this 
force is inversely proportional to the volume, we have 



" 0": 



where c is a constant ; 
or 



a 

vi 



We might proceed to test the truth of this conclusion by 
determining whether by introducing the term -. in place of -, in 
Van der Waals' equation, we obtain an equation which expresses 
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both the fonn of the isothennals, and the values of the critical 
constants for any gas. The equation becomes 

(i>+S)(^-^) = RT, 

bp + KT ^ a ah 

t'5 - — vl + -r- — = 0, 

P P P 

an equation of the form 

and which can only have three real roots 

a Ibab 



4(46)* * "" 4(46)»R 

a 15a6 

4V 4HVc 

From this we arrive at the numerical relationship deduced 
by Young, 

RTe 

It is interesting to calculate the nature of the ratio obtained 
by replacinj^ ir by expressions involving different powers of v. 

RT« 

PcVc 
a 48 

vf 7 = ^'^^ 

a 15 

T 7 = 3-75 

a 8 

a 21 

a 1)6 

^ 55 = 1'"^ 

So far we have only considered the value of b close to the 
critical point, and as we know from Van der Waals' dissertation, 
from Boltzmann's analysis of it, and from the work of Clausius, 
that it is not quite independent of the temperature and pressure, 
and that at great pressure it becomes only a small multiple of 
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the co-volume. If 600 is its value at great rarefaction, Boltzmann 
places 

(f - 6) = - - ----^- - ; 

1 + — + o — I + etc. 



6« 5/600Y 
~v 8\v) 



but at the same time the limits of variation will probably not be 
greater than as 1 to 10. Actually determined values of b are a 
little uncertain, as they are always obtained as differences between 
large numbers. 

An attempt has been made to determine more exactly the 
nature of the variation in 6, without much success, and the 
equation, like that of Van der Waals and Clausius, does not 
exactly express the form of the isothermals over wide limits. 

It will probably be found that the cohesion pressure is not 
a purely mechanical one, and, as in Clausius' equation, is a 
function of T. These questions have been discussed in a recent 
paper (Wied, Ann., 1901, [iv], 4, 51). 



CHAPTER XV 

THE LIQUEFACTION OF GASES 

The experiments of Davy and Faraday — Tliilorier's exi)€rimeiits op carbon dioxide 
— The liquefaction of oxygen by Pictet and Cailletet — The researches of 
Olszewski, Wroblewski, Dewar, and Onnes — Isothermal and adiabatic expan- 
sion — Free expansion, the Joule-Thomson effect — A])plication of the principle 
of free expansion by Hampson and Linde — Tlie production of liquid air by 
Hampson's apparatus — The liquefaction of hydrogen. 

Ax account of the earlier attempts to liquefy gases is to be found 
in any text-book of physics or chemistry, and it would serve no 
useful purpose to enlarge upon it here. The later history of the 
subject is, however, of the highest importance, more particularly 
with regard to the production of liquid air, and its application to 
research at low temperatures. Without reference to questions of 
priority I shall describe those researches which have resulted in 
the introduction of new processes, or in the application of new 
principles to the liquefaction of gases. 

In the experiments of Davy and Faraday the gases were 
generated in closed, glass tubes of the form shown in Fig. 96 The 

substance from which 
the gas could be ob- 
tained was placed in 
one limb of the tube, 
which was then sealed. 
The gas condensed in 
the other limb of the 
tube, which was cooled 
p _ to about -20'' C. in 

Fkj. 96. 

a freezing mixture. 
These experiments resulted in the liquefaction of all the com- 
moner gases, with the exception of hydrogen, nitrogen, oxygen, 
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methane, carbonic oxide, and nitric oxide. Faraday^s views with 
regard to the nature of these so-called permanent gases have 
already been referred to. 

In 1834 Thilorier employed a similar method for the lique- 
faction of carbon dioxide. The gas was generated by the action 
of sulphuric acid upon carbonate of soda, in a stout copper vessel 
connected with a second vessel in which it could be condensed. 
In this way he obtained a considerable quantity of the liquid, 
and by allowing it to escape through a jet into a box of non- 
conducting material he obtained the solid. Thilorier*s observation, 
that a mixture of carbonic acid and ether formed a much more 
efficient refrigerant than the solid alone, was a valuable contribu- 
tion to the experimental side of the subject 

After Thilorier's experiments, though many attempts were 
made to liquefy the permanent gases by pressure alone (p. 163), 
no further progress was made till 1877, when independent 
communications were submitted to the French Academy by M. 
Raoul Pictet of Geneva, and by M. Lewis Cailletet of Chatillon- 
sur-Seine, announcing the liquefaction of oxygen. In neither 
case was the liquid obtained in the static condition ; but as the 
methods employed by tlie two investigators were new in principle 
and totally dififerent, their work must be considered as of the very 
highest importance. 

Pictet employed the 
method of contimooics 
cooling by means of a 
volatile refrigerant ; a 
method which he had 
successfully applied to 
the production of ice on 
a large scale. A dia- 
gram of his apparatus is 
shown in Fig. 97. The 
oxygen was generated in 
a steel retort a, connected 
with a steel tube c, which 
was surrounded by a 
copper vessel d. Carbonic acid was condensed by means of the 
pump / into g, and allowed to flow through the tube e into d, 
where it was evaporated by means of the same set of pumps. 




Fio. 97. 



I84 EXPERIMENTAL STUDY OF GASES CHAP. 

The system dfge formed a closed circuit ; the liquid carbonic 
acid solidified in d, aud the temperature produced bj its 
evaporation reached —140° C. The car- 
bonic acid gas was cooled and condensed 
by means of sulphur dioxide, which was 
circulated through a eimilRr closed system 
connected witli the condenser h. 

After working for niauy hours at fifteen 
horse-power the cock b was opened, and the 
pressure, which bad risen to 320 atmo- 
spheres, was allowed to fall suddenly, pro- 
ducing an even greater degree of cold. On 
tilting t!ie apparatus it was found that 
liquid oxygen was actually present. * 

Cailletet employed an apparatus (Fig. 
98) similar to that of Pouillet (p. 161), in 
which the pressure was transmitted to the 
gas through mercury by means of a pump. 
The gas was compressed into tlie capillar;' 
portion of the glass tube under a pressure 
of 400 atmospheres; on releasing the pres- 
sure the sudden expansion resulted in the 
partial liquefaction of the gas, which appeared 
as spray or mist in the tube. 

The researches of Pictet and Cailletet 
paved the way for the production of liquid 
air in quantity, and its introduction as an 
agent of researcii. The work has been carried 
out by Wroblewski and Olszewski in Cracow, 
by Dewar in England, and by Kammerlingh 
Onnes in Leyden ; each of these investigators 
has worked on different lines, and their 
researches must in the main be considered 
independently. The Polish chemists de- 
voted themselves chiefly to the determination 
of the boiling-points, vapour pressures, and 
critical constants of liquefied gases. Un- 
fortunately Wroblewski employed, in many of his researches, the 
thermo-electric junction for the measurement of temperature; 
but Olszewski's observations, in which the hydrogen (or helium) 
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thermometer was generally applied, are of the highest value. 
Dewar has devoted himself to the study of the chemical and 
physical properties of substances generally at low temperatures. 
These three investigators share the honour of having first devised 
pmctical methods for the production of liquid air in quantity, by 
the use of liquid ethylene in a system similar to that of Pictet. 

The apparatus employed by Kammerlingh Onnes in his 
cryogenic laboratory in Leyden has been fully described by him 
in a series of papers, which have been translated into English 
from the Proceedings of the Netherlands Academy. The plant 
consists of a Pictet double cycle, employing methyl-chloride and 
ethylene as refrigerants. The system is not designed to produce 
liquid air in quantity at minimum cost, but to give a complete 
range of temperature down to — 210*^ C. Prof. Onnes' researches 
include the determination of the variation of a number of 
pliysical constants over wide ranges of temperature ; among these 
may be mentioned the dielectric constants, and compressibilities 
of numerous gases. 

The principle of adiabatic expansion involved in Cailletet's 
method may be briefly stated as follows. The gas is either com- 
pressed over mercury in a glass vessel and suddenly allowed to 
expand, or is allowed to escape from a steel vessel in which it is 
contained under pressure. In the first case, the gas does work 
in forcing down the mercury ; in the second, the gas which re- 
mains in the vessel does work in forcing the remainder through 
the opening. In either case the gas in doing €o:ternal work loses 
energy, and consequently if no heat is received from the outside it 
becomes cooled. 

The specific heats of a gas at constant pressure or at constant 
volume, denoted by the symbols C^, and C,., are defined as the 
(quantities of heat required to raise the temperature of unit mass 
of the gas, at constant pressure or at constant volume, one de- 
gree Centigrade. Their values, in the case of a perfect gas, should 
be independent of the temperature and pressure. 

If unit mass of gas is heated so that its temperature rises 

from T to T + dt, the pressure p remaining constant, the volume 

will increase from v to v+-dv, and the quantity of heat absorbed 

in the process will be 

^ Cpdt 

If the gas is now compressed isothermally to its original 
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volume 1?, the pressure will increase from p top + dp, the work 
done will be represented by 

and in order to restore it to its original conditions of temperature 
and pressure, it will only be necessary to cool it down at con- 
stant volume, removing from it a quantity of heat C^dt. 
Since the cycle is now complete, 



Cvdt = Cpdt - vdp. 

dp 

P 



= Cpdt - RT ^. 



If we now consider the first two processes in this cycle as 
taking place adiabatically, the gas undergoing a change of pressure 
from p to p + dp without loss or gain of heat : 



Q^dJt - RT!?? = 0. 



Replacing R by (C^ — C^,), and dividing by T. 






c/^-(C^-CV/^^ = 0, 






log^2^<^'P-Cv) ' ^Ci>-Cr) 

where K is a constant. 

The change of temperature resulting in a change of pressure 
is expressed by 

C 
where k= J (see p. 271). 

By employing a similar thermodynamic cycle in which the 
gas is first heated at constant volume ; secondly, allowed to ex- 
pand isothermally at constant pressure ; and finally cooled at con- 
stant pressure to the initial conditions, we can obtain the relation- 
ship between temperature and volume during adiabatic expansion. 



T /v \^-i 

(ii) '^ 

T, 
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From these two equations we lind that for adiabatic expan- 
sion 

pv^ = Constant, 

just as for isothermal expansion 

pv = Constant. 

If a gas were allowed to expand without doing work, it follows 
that no temperature change would occur; and, indeed, no appre- 
ciable effect is noticed when a gas is allowed to expand from 
one vessel into another which is exhausted ; both vessels being 
immersed in a calorimeter. 

These remarks apply, however, to a gas which rigidly follows 

the simple gas law, 

pv = RT, 

but they cannot be extended to any known cases, since in dealing 
with these we have to take into consideration not only the energy 
absorbed in performing external work, but also in overcoming in- 
ternal molecular attractions, which the simple law does not consider. 
The problem was first studied by Joule and Lord Kelvin 
(Joule and Thomson) in the following manner. A steady stream 
of gas, heated to a definite temperature by passage through a 
copper spiral immersed in a water-bath, was allowed to flow 
through a plug of silk fibre of such a thickness (hat there was no 
appreciable change in the velocity, and consequently in the kinetic 
energy, of the stream of gas in passing from one side of the plug 
to the other. lender these conditions work was done only in over- 
coming friction in the plug, the heat generated being absorbed by 
the gas, which would otherwise be cooled. The difference of 
temperature on the two sides of the plug, which was negative 
except in the case of hydrogen, could be attributed to absorption 
of heat by the gas in overcoming molecular attraction. Their 
experiments led them to the equation, 

dt = K^. 
T 

This phenomenon is known as the Joule-Thomson effect, and has 
been made the subject of more than one investigation. 

The Joule-Thomson experiment may be graphically represented 
in the following manner : — The gas contained in the cylinder A 
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is forced through the plug or aperture B by the piston C, which 
in the actual experiment may be considered as moving in the 
stream of gas. The piston, in moving from a to 6, expels v 

volume of gas from 
the cylinder, the pres- 



a b 




C 




A 


B 





F[G. 99. 




sure 'p remaining con- 
stant. The work done 

the 



in 



overcoming 



friction in the plug 
will be expressed by 
the product 'pv. 

In the ideal experiment there is supposed to be no increase 
in the kinetic energy of the escaping gas, and its pressure is 
reduced to the external pressure pi. Since, however, it occupies 
a volume v\ represented by the area Berf in the diagram, which 
is larger than r, the heat absorbed will be expressed by /?'?•'. 
In the case of a perfect gas 



2»f = 2)'i' ; 



or the heat absorbed during the expansion is exactly equivalent 
to the heat generated by the friction in the plug and absorbed 
by the gas, and consequently the gas undergoes no temi>erature 
change. 

In the case of an imperfect gas, however, 

where Q, which is either positive or negative, expresses the heat 
change attributable to internal work. 

The value of Q cannot be determined except by direct ex- 
periment, but it is possible to connect the equation given by Joule 
and Lord Kelvin with the modified equation. Hose-Innes has 
shown that from Van der Waals' equation 



(p + j)(.-fc) = ET 



it is possible to derive an expression connecting the variation of 
6, the Joule-Thomson effect, with T, the absolute temperature of 



the gas ; 



^ = ^=F)8, 
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where a is a function of a the internal attraction, and )8 is a 
function of & the co- volume (p. 176). 

It is not surprising to find that closer relationship can be 
obtained from Claiisius' equation. 



fi, + __^1 (t; - 6) = RT, 



in which the intramolecular attraction is made to vary with the 
temperature as well as with the volume. The expression (Love, 
Phil. Mag, 1899) closely resembles that obtained by Joule and 
Lord Kelvin, but in the case of air the second constant vanishes. 

r- 

The constants 7 and S are functions of a and 6 respectively. The 
equation agrees very well with the results obtained by Natauson 
(Wied. Ann, xxxi. 502) for carbon dioxide. 

The following values, expressed in degrees per atmosphere 
pressure, were obtained by Joule and Lord Kelvin for air and 
hydrogen. 

■aV IX* • •  • • 

fl« • • • • • • 

Hydrogen . 



« 



T 


B 


17-1 


- 0-255 


91-6 


- 0-203 


ei-8 


+ 0-089 


90-3 


+ 0046 



In the case of hydrogen, Joule and Lord Kelvin's results 
appear to have been somewhat inconclusive, and have not since 
been repeated. They certainly show that the effect was in the 
opposite sense to that in the case of the other gases which they 
studied, the gas heating instead of cooling on free expansion. 

The variations of the Joule-Thomson effect over wide ranges 
of temperature and pressure have yet to be studied. The varia- 
tions with temperature would be a matter of comparative simplicity; 
but to determine the temperature change in the gas resulting 
from a fall of pressure of 150 atmospheres would be a matter of 
considerably greater difficulty. In their original experiments 
Joule and Lord Kelvin found that when they employed great 
differences of pressure, the observed fall of temperature varied 
according as the thermometer was placed close to or far from the 
plug. In these experiments it appeared that the resistance of 
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the plug could not easily be made so great that the velocity, and 
consequently the kinetic energy, of the issuing gas was not in- 
creased in passing through it. The increase in the kinetic energj- 
of the issuing gas necessitates an absorption of heat, so that there 
would be a fall of temperature close to the second surface of the 
plug, implying a conversion of molecular kinetic energy into 
translational energy of the mass of gas. This fall of temperature, 
which may be termed velocity cooliny, would disappear at a short 
distance from the plug, tlie velocity of the stream of gas being 
reduced by friction with the walls of the tube or with the gas in 
the vessel into which it flows, resulting in the formation of eddies ; 
the kinetic energy of the stream of gas would thus be reduced to 
its original value. The effective cooling of the gas is the result 
of the internal work only, though the velocity cooling which takes 
place close to the plug or valve, through which the gas is escaping, 
may result in a fall of temperature greater than could be accounted 
for by the Joule -Thomson eff'ect; the velocity cooling would, 
however, be confined to a very limited region. 

The application of this principle to the production of low 
temperatures has been successfully accomplished by C. Linde in 
Germany and by W. Hampson in England. These two investigators 
share the honour of having first succeeded in utilising the Joule- 
Thomson effect, and in obtaining liquid air without employing 
liquid ethylene or any other refrigerant. Linde's apparatus is 
probably the more effective for the production of liquid air in 
quantity; but it is much more cumbersome than Hampson s 
machine, and cannot be used for the production of a small 
quantity of liquid air in a short time. Hampson 's apparatus is 
most suitable for experimental work ; I shall therefore describe it. 

The sectional diagram (Fig. 100) shows the arrangement of the 
installation at University College, London. Air is drawn into 
the compression pump through a cylinder A, which contains moist 
slaked lime spread upon trays. The pump, which is a torpedo- 
compressor manufactured by Whitehead and Co. of Fiume, com- 
presses the air in two stages to 160-180 atmospheres,^ the working 
pressure. In the first cylinder B the pressure is raised to about 
16 atmospheres, and after passing through a copper coil C, the 
compressed air is delivered to the second cylinder D, where it 

* The engineering unit of pressure, the atmosphere, is equal to 15 lbs. per square 
inch or 1 kilo, per square centimetre. 



192 EXPERIMENTAL STUDY OF GASES chap. 

undergoes further compression, and after passing through a second 
copper coil E is delivered to the water-separator F ; both the 
cylinders and the copper coils connected with them are contained in 
tanks through which water circulates to absorb the heat generated 
by the compression of the air. The compressor is worked by a 
five -horse -power electric motor. It can be worked in either 
direction ; and since the mechanism is so arranged that the 
cylinders lie in the same axis, there is little vibration or noise. 

In order to prevent the vulcanised fibre, with which the 
pistons are packed, from burning, and to lubricate the working 
parts, a little water is taken with the air into the low-pressure 
cylinder. The water, after passing through the high -pressure 
cylinder, finds its way into the water-separator and can be blown 
off from time to time by opening the cock G at the bottom of the 
latter. A certain quantity of water is also deposited from the 
saturated air on compression ; and since the quantity of water 
vapour present is dependent on the volume only, the air in the 
water-separator, though saturated with water vapour as far as 
its volume is concerned, is " dry " from the point of view of its 
niass. 

The air now passes into a second vertical cylinder H contain- 
ing lumps of caustic potash, to remove water vapour and traces of 
carbon-dioxide, and is delivered pure and dry at the top of the 
Hampson liquefier. The caustic potash cylinder rarely requires 
to be refilled, and only after some weeks' working is it necessary 
to open the valve at the bottom and run off the small quantity 
of water which accumulates in it. 

The Hampson apparatus consists of two or four coils which 
are wound coaxially about a spindle, and which are joined at their 
lower ends to a vertical jet : the coils fill the whole space KK. 
The jet L can be closed by means of a rod which screws down on 
top of it, and which can be adjusted to form an annular opening 
by the milled screw-head M outside the apparatus. The coils are 
enclosed by a cylinder of insulating material for the greater part 
of their length, but the lower part and the valve are contained 
in a vacuum vessel N (p. 208), in which the liquid air eventually 
collects. The liquid is run off through the tap ; the air which 
escapes liquefaction passes upwards over the outside of the coils 
and escapes at an opening P at 'the top of the insulating casing. 
The escaping air passes through a rubber tube, and its velocity is 
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indicated by a glycerine 
gauge which is connecteil 
with the point of exit from 
the apparatuB. The doub- 
ling of the coil is merely to 
avoid the risk of blocking 
the apparatus in case a 
trace of moisture were 
carried over from the puri- 
fyiug cylinder ; in Linde's 
apparatus the copper coil 
is double, the two pipes 
lieing concentric, the air 
passing down the inner 
pipe and back through the 
space between the two. 

The latest form of the 
Hampson apparatus is 
shown in Fig. 101. The 
air enters under pressure 
through A, and passes 
along B to V, where it 
enters the coil, which is in 
tliis case quadruple. On 
e.xiianding at the valve !• 
it is partially liquefied, 
the liquid collecting in the 
metal chamber E, which is 
soldered directly to the cas- 
ing of the coil ; the gaseous 
air passes upward through 
the interstices between the 
coils, as has already been 
describei!. 

To indicate thequaniity 
of liquid in the chamber E, 
it glycerol gauge is em- 
ployed. The tube K passes 
from the bottom of E to 
the top of a small closed 
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vessel H containing glycerol The vertical tube M, which 
passes to the bottom of H, is connected by a flexible tube with 
the top of the valve-rod 0, which is hollow, and has an open- 
ing at N communicating with the open space above E. As 
E jBUs with liquid air, tlie glycerol rises in the gauge. The 
liquid air is from time to time run ott' from E by turning the 
milled nut F, which opens the screw-down cock G. 

In working the apparatus the motor, which is not shown in the 
figure (Fig. 100), is first started, and a little air is blown through 
the whole system ; the valve is then closed, and the pressure is 
allowed to rise to 170 atmospheres. When the valve is opened, 
the stream of air is regulated so that the pressure indicated by the 
glycerol gauge (p. 192) remains constant. The actual pressure 
depends upon the length and diameter of the rubber tube R, and 
upon other conditions; with a tube about 80 cm. long and 2 cm. 
in diameter it is found to be about 10 cm. of glycerol. Liquid 
air first appears in the vacuum-vessel in about four minutes, and 
the actual yield is about 1-1*5 litres of liquid air per hour. 

The machinery requires careful watching while it is at work, 
for in case anything were suddenly to go wrong a serious accident 
might result. If every part is working well it is only necessary 
to draw off the liquid air, and the water which accumulates in 
the water-cylinder, from time to time ; if instead of a vacuum- 
vessel the liquid air collects in a vessel packed round with some 
insulating material such as eider-down or animal wool, the liquid 
air must be drawn oil' every four or five minutes by the watch. 
The methods employed in the manipulation of liquid air will be 
dealt with later. 

From the theoretical standpoint the Hampson machine may 
be regarded as a form of the Joule-Thomson apparatus ; for we may 
consider the plug in the latter as consisting of a number of fine 
tubes placed close together. The air in passing through the coil 
does work onlyagainst friction, as in the Joule-Thomson experiment, 
30 that there is no cooling owing to external work being done. 
The air which escapes from the valve has undoubtedly a greatly 
increased kinetic energy, so that at this point, and at a very small 
distance from it, the effect due to vdodty-cooling (p. 190) might 
be observed ; it would, however, be completely nullified owing to 
the formation of eddy currents long before the gas reached 
the coils. The form of the jet, and the fact that it is enclosed 



XV THE LIQUEFACTION OF GASES 195 

— ^ . _« — . 

in a box containing a helical strip of metal to give the escaping 
spray a rotatory motion, and to assist in separating the liquid 
and the gas, would also tend in this direction. The cooling which 
takes place is thus due to interned work only. 

The gas which escapes from the valve passes back over the 
coils, cooling them and the air which they contain ; and so perfect 
is the heat interchange, that the air which leaves the apparatus is 
only one d^ree colder than that which enters it. The actual 
quantity of the air which is liquefied is about 5 per cent of the 
quantity which passes through the appftratus. It appears prob- 
able that no liquefaction actually takes place within the jet, and 
that the gas at the momeat of its escape is not cooled many 
degrees below its critical point. 

With Hampson's apparatus it is possible to liquefy air or 
oxygeA compressed into cylinders at 125 atmospheres. The 
apparatus is first cooled to — 80° C. by blowing a mixture of solid 
carbon dioxide and air through it. The method would not be 
used if a compression pump were available. 

The liquefaction of hydrogen, — Tlie earlier attempts to 
liquefy hydrogen by the application of pressure alone have already 
been described, and it is unnecessary to again call attention to the 
cause of failure. . In 1879 Pictet believed that he had accom- 
plished the liquefaction of tliis gas, which he described as con- 
densing to a steel-blue liquid ; but since he obtained liis hydrogen 
by heating potassium formate, it must have consisted largely of 
carbon monoxide. 

In 1883 Wroblewski showed that when hydrogen, compressed 
into a glass tube cooled to the temperature of liquid oxygen, 
was allowed to expand from a pressure of 100 to 1 atmospheres 
it became partially liquetied, the liquid appearing as a mist 
or spray. In 1885 Olszewski {Phil. Miig, [5], xxxix. 199; xl. 
202) confirmed these experiments, using first a glass tube of 
7 mm. diameter, and afterwards a steel cylinder. The critical 
pressure of the gas was first determined by measuring the 
pressure at which mist or spray appeared when the gas com- 
pressed into the glass tube and cooled to below —200° C. was 
allowed to expand; it was found to lie at 20 atmospheres. The 
boiling and critical temperatures were then determined in the 
following manner. The steel cylinder already referred to was 
lined with glass, and contained a coil of platinum wire wound 
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on a mica or ebonite frame. The resistance of this coil, which 
communicated with the outside, had been determined at 0**, — 78** 
— 182*5°, and —208"* C. The apparatus was cooled to the 
temperature of liquid air boiling in vacuo. Hydrogen was com^ 
pressed into tlie cylinder under a pressure of 170 atmospheres, and 
the gas was allowed to escape at a cock till the pressure fell to 20, 
10, or 1 atmosphere. The resistance of the coil was found in each 
case by repeated trial, and the temperatures were determined by 
linear extrapolation. The following results were obtained : — 



20 At. 


383 Ohms. 


- 234-6" 0. (Critical) 


10 „ 


36y „ 


-239 7' „ 


1 „ 


353 „ 


- 243-5' „ 



That the temperatures obtained by this method are too high. 
is obvious, since the resistance of a platinum wire is not a. linear 
function of the temperature. They serve, however, to show that 
the critical and boiling points of hydrogen lie below 39° and 29° 
absolute respectively. Dewar's most recent determinations of these 
constants are as follows : — 

Critical point . . - 238 to- 240** C. Critical pressure, 15*3 At. 

Boiling point . . - 252 to - 253' „ 

Melting point . . - 256 to - 257° „ 

Lowest temperature obtained by evaporating solid bydrogen - 260' C. 

As these temperatures were determined by means of the 
hydrogen thermometer, they may err in the opposite direction, 
since traces of impurity would separate from the hydrogen 
as non-volatile solids. 

Within the last two years Dewar {Chcm, News, March 1900) 
has shown that when hydrogen compressed to 200 atmospheres 
is cooled to — 200" C. and allowed to expand without doing 
external work, it behaves similarly to air, or any other imperfect 
gas, and becomes cooled. He has applied this discovery to the 
production of liquid hydrogen in quantity; the method of 
procedure has not, however, been published. The following 
method by which liquid hydrogeu may easily be obtained is 
described in a paper read before the Physical Society, in 
November 1900 (Travers, Phil, Mag. 1901, 411 > 

In a preliminary experiment the gas at a pressure of 200 
atmospheres was cooled to —80° G. by passing through a coil 
immersed in a mixture of carbonic acid and alcohol, and was 
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then allowed to expand at the jet of a Hampson air-liquefier, in 
which the coil had previously been cooled to the temperature of 
liquid air. Uoder these conditions it appeared that progressive 
cooling, did not take place, and it may be concluded that at — 80'' 
C. hydrogen is still a 'perfect gas. The Joule-Thomson effect 
evidently changes sign at a much lower temperature. 

Four attempts were made to liquefy hydrogen before an 
apparatus was constructed which gave satisfactory results. These 
experiments I shall not describe ; it suffices to state that they 
served to show that hydrogen remains a perfect gas down to very 
low temperatures. 

The details of the structure of the apparatus finally employed 
in liquefying hydrogen are shown in Fig. 102. Fig. 103 indicates 
the general arrangement of compressor, etc. 

The principle of the liquefier is briefly as follows. The 
hydrogen, under a pressure of 200 atmospheres, passes through a 
coil A, which is cooled to — 80** C. in a mixture of solid carbonic 
acid and alcohol. It then enters the coil contained in the 
chamber B, which is continually replenished with liquid air 
during an experiment. The lower portion of this coil passes 
into the chamber C, which is closed and communicates through the 
pipe ff with an exhaust pump ; liquid air flows continuously 
from B into C through a pin-valve controlled by a lever 6, and 
boiling under a pressure of 100 mm. of mercury, lowers the 
temperature to below —200° The gas now passes into the 
regenerator coil 1), which is enclosed in the vacuum-vessel H, 
and expanding at the valve E passes upwards through the 
interstices of the coil and the annular space F, surrounding B 
and C, to the outlet G, whence it can return through the tubes 
W and R, and the cock i to the main supply pipe N. The liquid 
which separates from the gas is ultimately collected in the 
vacuum-vessel K, which can easily be removed. 

In constructing the apparatus the coil D was wound on the 
thin steel tube c, which contains the valve-rod. The latter is 
screwed at its lower end into a perforated brass cylinder, soldered 
to the end of c, enclosing the expansion jet. By turning the 
milled head a, the width of the annular space between the jet 
and the end of the valve-rod could be accurately adjusted, and 
the flow of gas controlled. This valve was made for me by 
Brin's Oxygen Company after the pattern of Dr. Hampson, who 
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first applied it in his apparatus for liquefying air. To the use of 
this form of valve I must attribute the success of the work, for, 
unlike the pinhole valve, it does not become bipcked with the 
impurities which separate from hydrogen obtained by treating 
commercial zinc with sulphuric acid. The coil itself consisted of 
80 feet of solid drawn copper tul:)e of ^^ inches internal, and ^^ 
inch external diameter. In winding it the spiral ran alternately 
away from and towards the central tube, and great care was 
taken to preserve a uniform external diameter of 2^ inches. The 
tubes were carefully spaced and fixed in position with solder as 
each layer was woimd. 

The length of the regenerator coil D is 7 inches, and it must 
be pointed out here that in absence of all quantitative knowledge 
as to the behaviour of hydrogen at low temperatures the choice 
of this dimension, though mainly a matter of guesswork, was 
arrived at by taking the length of coil in the Hampson 
liquefier, and reducing it so as to effect a heat interchange of 2° 
with a difiference of temperature of 50° C. between the top and 
the bottom of the coil. 

The next step in the construction of the apparatus was to fix 
the flanged plates d and e, which form the top and bottom of the 
chamber B, on to the tube c. The coil passes through both these 
plates, and e is also pierced for the passage of the exhaust pipe / 
and the liquid valve-rod b ; the latter is screwed through a block 
fixed to the upper surface of e, so that by turning it the conical 
point closes the hole in the plate to a greater or less extent. All 
these junctions were made with hard solder ; the tube g, which 
fits exactly over d and e, was then fixed in position with soft 
solder. 

To allow of the escape of tlie hydrogen gas after its passage 
through the coils, a brass tube k of the same external diameter as 
the coil is fitted at the top to g, by means of a collar soldered 
to both tubes, and supported by distance pieces at the bottom. 
The annular space F so formed communicates with the escape 
pipe G, as shown in the figure and section ; the cold gas passing 
through it forms an excellent insulator for the liquid air chambers 
B and C. 

To support the whole apparatus, and to afibrd a means of 
securing the vacuum-vessel H, a collar I is soldered to the tube k 
and to a tube m l)^ inches in diameter, which rests on a flange n 



Il 



<^:i 
^^^ 




1 

i 

1' 

 

C( 

tu 
w: 
G 



XV THE LIQUEFACTION OF GASES 1 99 

in a hole in a shelf attached to the wall of the compressor room. 
The space between m and k is packed with animal wool, as is 
also the space within the containing cylinder Q. 

The vacuum-vessel H is of such a diameter that when the 
coil D and the tube k are covered with a single layer of flannel 
it exactly fits over them. To make gas-tight junction a rubber 
ring which fills the space between the vacuum-vessel and the 
inner wall of m is pressed between a brass ring and a gland p. 
The ring rests on three short studs on tlie inside of m, and the 
gland is forced home by three nuts and screws qq, which are 
fixed at their upper ends into the flange n. 

When the gland is in position the only means by which gas 
or liquid can escape from the apparatus is by the tube G, or 
through the opening at the bottom of the vacuum-vessel H. It 
is, of course, intended to draw off the liquid at the latter opening, 
and as it is quite impossible to employ a stopcock for the purpose 
the ibllowing arrangement was adopted. The vacuum-vessels H 
and K are both enclosed in a glass tube LL, which is closed at 
the bottom and is connected at the top by a rubber sleeve a to a 
brass tube h which forms part of the gland p ; a short copper tube 
is soldered into s, and terminates in a stopcock r. When r is 
closed any liquid formed at the valve E is retained in H, but 
when r is opened the liquid can flow into K, as the gas produced 
by its evaporation can then escape. The lower part of the tube 
L is enclosed in a large vacuum-vessel M, which contains a small 
quantity of liquid air during the experiment ; it serves rather to 
prevent the frosting of the outside of L than to exclude heat. 

The hydrogen escaping from G passed through the rubber tube 
W into the tube R, which communicates directly with the cylinder 
P, and through the stopcock i with the main supply pipe N connect- 
ing the gasometer and the compressor. The cylinder P (Fig. 1 03) is 
of sheet zinc, and is soldered to the three brass tubes E, S, and T. 
The tube S, which is lined with glass and has a window in front 
and behind, contains the nozzle of the tube u leading from the 
cylinder /i, in which the water used to lubricate the cylinders of the 
compressor is separated ; this arrangement prevents the loss of 
the gas which escapes eacli time the water is discharged. The 
tube T reaches to the bottom of a deep vessel (Fig. 103) filled 
with water ; it serves also as an escape for the gas issuing from 
(t before the cock i is opened. 
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The tube / communicates with an exhaust pump, which is not 
shown in either figure. It is a simple double-action pump with 
a single cylinder of 3 -inch bore and t)-inch stroke, and driven by 
a half horse-power gas engine maintaius a vacuum of 100 mm. 
of mercury in the chamber C. Ihe barrel and plug of the stop- 
cock t are bored • so that C can be cut ofi' from the pump and 
opened to the air. Through the stopcock r the pipe G can be 
placed in communicatiou with the exhaust pump. 

Tt is now convenient to call attention to the general system 
of heat insulation in the apparatus. The coil A is surrounded 
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Fig. 103. 

with solid carbonic acid and alcohol contained in an earthenware 
battery jar, which is unprotected. The tube between A and B is 
surrounded with a wrapping of animal wool and covered with 
baize. B and C are protected by the cold gas which returns 
through the annular space F after passing through the regenerator 
coil D ; additional protection is afforded by the layer of animal 
wool inside the cylinder Q. The increasing steepness of the 
temperature gradient at C is compensated for by the protective 
influence of the upper part of the vacuum-vessel H, while the 
vacuum-vessel M, which contains liquid air, serves as a protection 
to K and to the lower part of the regenerator coil D. It also 
prevents deposition of moisture on the tube L The method of 
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supporting the apparatus by the tube m answers admirably, for 
as the space between m and k is packed with wool, the gland p 
only becomes frosted over when the experiment is at an end, 
sliowing that the influx of heat in this direction is inconsiderable. 

The hydrogen gas is obtained by the action of dilute sul- 
phuric acid on commercial granulated zinc, and was stored in a 
gasometer over water. The gasometer consists of a cylinder of 
sheet-iron (No. 1 6 gauge) 6 feet in height, and 5 feet 6 inches in 
diameter, inverted in a cylindrical tank, which is filled with water. 
The gas enters and escapes through a 2-inch iron pipe passing 
through the bottom of the tank, and terminating inside a small 
dome 6 inches in diameter on top of the inner cylinder. This 
Arrangement makes it possible to expel the whole of the gas from 
the gasometer without danger of introducing water into the 
supply pipe. Before filling the gasometer the water in the tank 
is saturated with hydrogen by passing a stream of the gas 
through a tube reaching to the bottom. This operation occupies 
about five dayis, but it is not necessary to repeat it. 

The main bulk of the hydrogen is generated in the following 
manner: — About 40 lbs. of zinc are placed in a beer-cask fitted 
with a tap funnel, a delivery tube, and an escape pipe, which passes 
into a vessel filled with water, and so acts as a safety valve ; a 
stoneware cock at the bottom for drawing off spent acid. When 
all the air has been expelled from the cask the gas, after passing 
through a wash-bottle filled with a solution of potassium per- 
manganate, is allowed to enter the gasometer. The latter 
is thoroughly washed out with hydrogen before the main quan- 
tity is collected. The preparation of the hydrogen occupies 
five hours. 

The general arrangement of the plant for the compression of 
the hydrogen, which passes through the pipe NX, the cock a, and 
a temporary communication made by means of a lead pipe a, 
with two screw unions, is shown in Fig. 102. The hydrogen, or 
air when the latter is to be liquefied, is first of all taken into the 
low-pressure cylinder /3 of the compressor, which has already 
been described on p. 190, and, passing thence through the coil, 
kept cool by a current of water which circulates through the 
tanks surrounding the cylinders and coils, enters the high- 
pressure cylinder through the tube S, under a pressure of 
about 16 atmospheres. A small quantity of a mixture of 
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glycerol and water containing 5 per cent of caustic soda is taken 
into the low-pressure cylinder, together with the gas. The 
mixture is contained in the vessel i;, and the flow is controlled 
by the glass stopcock and the arrangement shown in Fig. 103. 
In the second cylinder the pressure is raised to about 200 
atmospheres ; and the gas, after passing through the coil w, enters 
the cylinder /i, in which the water used in lubricating the 
cylinders is separated and expelled through the cock K. This 
water, together with a little gas, passes along the tube w, and 
enters the cylinder P ; the water flows into the tank e, and during 
the compression of the hydrogen the gas is allowed to return 
to the gasometer through the cock i. The details of this part of 
the apparatus have already been described. 

The gas from fi passes into the cylinder \, which contains lumps 
of solid caustic potash to remove traces of moisture or of other 
impurities. This cylinder is employed in compressing both air 
and hydrogen, and can be connected by the tube t either with a 
Hampson air-liquefier, or, as in the figure, with the coil A of the 
liquid hydrogen apparatus. The tube t also communicates with 
a gauge, and with a cock x through which, if the pressure becomes 
too high, the excess of gas may be allowed to escape into the 
pipe NN connecting the gasometer and the compressor. The 
liquefier, of which the detail has already been given, does not 
require further description. It is sufficient to state that the gas, 
after passing through the coils in Q and L, expands at the valve s, 
controlled by the milled nut a, and finally returns by the tubes 
G, W, and E, and the stopcock i, to tlie tube N. 

The loss of gas during each experiment amounts to about 10 
per cent of the whole ; and since air and other gases of higher 
boiling point separate as solids in tlie vacuum-vessel H, the gas 
becomes purer each time it is used. 

During the two or three days immediately preceding an 
experiment the compressor is employed in producing liquid air, as 
described on p. 190. The liquid air is stored in vacuum-vessels 
liolding altogether about 8 litres. Comparatively little loss occurs 
through evaporation, and the vessels are usually filled up on the 
last morning. After preparing the liquid air it is advisable to 
take the compressor in pieces and carefully inspect the valves, 
springs, and fibre -packings. In the meantime the Hampson 
machine is removed, the connections are made between the potash 
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cylinder and the hydrogen liquefier, and the lead pipe c connect- 
ing the supply pipe NN with the intake of the compressor is 
placed in position. 

The actual experiment requires four persons: one controls 
the valves a and h \ the second attends to the compressor, regulates 
the escape of the water from the cylinder /i, and opens or closes 
the cock X as the pressure rises or falls ; the third sees that the 
vessel in which the coil A is immersed contains sufficient solid 
carbon dioxide ; the fourth hands the vacuum-vessels of liquid 
air as they are required. 

The first step in the operation is to cool the liquefier to the 
temperature of liquid air. Liquid air is first poured into the 
chamber B, and is allowed to flow into C by connecting it with 
the exhaust pump through the cock t, and turning the valve 6. 
When C is partially filled, and the vacuum gauge indicates that 
the liquid air is not evaporating at a great rate, the valve h is 
closed, and the cock t is turned so as to cut off the exhaust and 
leave the chamber C open to the atmosphere (p. 200). 

The vacuum-vessel M, and the tube L with the vacuum-vessel 
it contains, are moved by rolling up the rubber sleeve s into the 
tube A, and lowering the cradle in which M is suspended. The 
rubber cap carrying the cock V is then fitted to the nozzle of H, 
and connected with a rubber tube dipping into a vacuum-vessel 
filled with liquid air. 

The escape-pipe G, from which the rubber tube has already 
been ren)oved and replaced by a rubber cork, is now connected 
with the exhaust pump through the cock v. Liquid air is drawn 
into the vacuum-vessel H, and on closing the cock v boils under 
reduced pressure, cooling the regenerator coil to below — 200'' C. 
By closing the cock v, removing the rubber cork, and opening the 
stopcock Vy the liquid flows out of H. The rubber cap securing 
V is now moved, the tube L and the vacuum-vessels M and K 
are replaced in position, and the rubber sleeve z is secured to L 
with a single turn of copper wire. 

Meanwhile the assistant in charge of the compressor has 
removed all air from the compression apparatus by opening the 
cock a (Fig. 103), allowing the compressor to make a few revolu- 
tions, and then stopping it and opening the cock p. This operation 
is repeated three or four times ; the pressure is then allowed to 
rise, the valve a (Fig. 102) being closed, and the gas is allowed 
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to escape, if necessary, through the cock x iiitb the pipe X. The 
arrangements are made so that the pressure is raised to 200 
atmospheres by the time the liquefier has been cooled and the 
vacuum-vessels K, etc., replaced in position. 

The remaining operations may be shortly described. Com- 
munication is once more established between the chamber C and 
the exhaust pump, and the valve h is carefully regulated, so that 
the liquid air does not enter too fast ; too rapid a flow is at once 
indicated by a fall of the mercury in the vjicuum gauge. The 
expansion valve is then opened by turning the milled nut ri, and 
the gas passing upwards through the coils, through the annular 
space F, and through the tubes G, W, and E, finds its way into P, 
and, in order to remove air from the apparatus, is allowed for a 
few moments to escape through the water in the tank €. The 
cock i is then opened, and the gas is allowed to circulate through 
the system. The chamber B and the vessel containing the coil 
A are continually replenished with liquid air and with solid 
carbonic acid respectively. 

The whole difficulty in this part of the experiment lies in 
properly regulating the escape of the hydrogen. The rate of flow 
of the gas is roughly indicated by the height of the glycerol in the 
gauge z, which shows the pressure in the interior of the apparatus 
caused by the friction of the gas in the tubes G, W, and E. It is 
intended in future experiments to introduce, in place of W, a coil 
of lead pipe, and to connect the top of the glycerol gauge with a 
tube leading into the cylinder P, as it will then give an absolute 
reading of the rate of flow of the geis. 

The reasons for which it is necessary to carefully regulate the 
valve are twofold. Firstly, the hydrogen must not pass too 
quickly through the refrigerating coils, or the gas is insufficiently 
cooled ; secondly, since liquid hydrogen has a very low and specific 
gravity (0*06) the gas and liquid do not separate easily at the 
jet, and much of the latter is lost. Further, since the efficiency 
of the regenerator coil is dependent on the rate of transmission 
of heat through its walls, and this is proportional to their super- 
ficial area, the maxim effect is attained with a limited quantity 
of gas. 

To guard against blocking of the valve by the deposition of 
solid impurities, the milled nut a is turned slowly backwards and 
forwards during the whole experiment. The screw at the end 
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of the valve-rod fits so tightly into the brass cylinder containing 
the jet that no gas can escape from the liquefier through the steel 
tube c, and it is necessary at times to apply some force to a. In 
constructing another machine I should either place the screw on 
the valve-rod in the tube c, about 2 inches above the valve, -or I 
should ease the screw in its socket and place a gland round the 
valve-rod at the top of steel tube (1 

There appears to be no danger of the coil becoming blocked 
through the deposition of solid matter inside it, even though the 
hydrogen contains 2 or 3 per cent of air and perhaps traces of 
arsenuretted hydrogen, hydrocarbons, etc. It must be remembered 
that within the regenerator coil, even very close to the jet, the 
temperature of the gas does not fall below its critical point, or it 
would become filled with liquid, and it appears that this is not 
the case. Under these conditions a gas is capable of holding a 
considerable quantity of solid matter in solution, a phenomenon 
which has not been fully explained. This may account for the 
fact mentioned above. Solid impurities do, however, separate 
from the liquid in the vacuum-vessel H ; but as the liquid on its 
way to the vessel K is obliged to pass through a piece of baize 
pressed down into the bottom of H by a spring, it can be collected 
as a perfectly clear liquid. 

Almost immediately the valve E is opened the inside of the 
vacuum- vessel H becomes coated with a layer of white matter, 
which is probably solid air. The cock r is from time to time 
turned, and shortly, by placing a light behind the lower part of 
the apparatus, liquid is seen running in a fairly rapid stream from 
the nozzle of H, and collecting in K, which rapidly becomes filled. 
The flow of the gas from the jet can then be checked, the tubes 
AI and L lowered, and the vacuum- vessel K, which is attached to 
a wire, withdrawn and placed in another vessel containing a little 
liquid air. It would then be possible to replace another vacuum- 
vessel in L, to restore L and M to their original positions, and to 
prepare a further quantity of liquid hydrogen. This has not, 
however, been attempted. 

The apparatus which I have described, with the exception of 
the compressor, the motor, and the Hampson air-liquefier, which 
together cost about £200, is comparatively inexpensive. The 
gasometer cost about £15, the material used in making the liquefier 
amounted to about £5 ; and possibly, in addition to the sum 
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named, another £30 was spent in the experiments. Each time 
liquid hydrogen is made, 5 kilos, of solid carbonic acid and 8 
litres of liquid air are used. This involves a further cost of about 
£1. These figures indicate that the cost of liquid hydrogen is 
not excessive. 

Note. — Since this account of the metbod of liquefying hydrogen was 
written, the apparatus has been somewhat altered. It was found that the 
dimensions of the coil B were insufficient to cool the gas rapidly to the 
temperature of liquid air. This difficulty was overcome by inserting a coil, 
similar to A, between A and B, and surrounding it with liquid air. 
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THE MANIPULATION OF LIQUEFIED GASES 

Vacaum - vessels — Condensation of gases — Constant tenijieratiirea by means of 
liquefied gases — Fractionation of liquefied gases — Distillation of atmospheric 
nitrogen — Separation of the inactive gases — The composition and boiling ]ioint 
of liquid air —Fractional distillation of a mixture. 



The Manipulation of Liquefied Gases. — The introduction ol 
the now well-known vacuum-vessels by Dewar lias rendered the 
manipulation of liquefied gases a matter of comparative simplicity; 
and as these vessels in one form or another are extensively used 
in this kind of work, it will be well to say something about their 
construction and use. 



The usual forms of vacuum- 
vessels are shown in Fig. 104. 
They may be either cylindrical 
or globular, and their size is 
limited only by the diameter of 
the mouth where the junction 
between the inner and outer 
tube is made. It may be 
noted that the vessels are less 
liable to crack at the junction 
if the junction between the two 
glass tubes lies on the outside. 

The space between the glass 
walls must be very thoroughly exhausted. A Topler pump 
(p. 7) may be used for the purpose, and the exhaustion 
sliould be continued until a vacuum tube attached to the appa> 
ratus shows a brilliant phosphorescence under the influence of 
the electric discharge (p. 301). The tube should be heated 





Fig. 104. 
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during the exhaustion. Onnes employs an asbestos oven heated 
by coils of wire, through which an electric current is passed. 
The tube is heated both on the inside and on the outside. 

The evaporation of liquid air contained in a good vacuum- 
vessel takes place only very slowly, since the heat radiated across 
the vacuous space is only one-seventh of the total heat which 
would reach the inner vessel were the jacket to contain air. The 
efficiency of the vessel may be still further increased by intro- 
ducing a globule of mercury into the vacuous space ; the mercury 
vapour deposits in a metallic layer on the surface of the inner 
vessel, partially reflecting radiation from the outside. The tubes 
may be silvered on the inside by one of the usual chemical 
processes. Hempel {Ber. 1898, 31, 2933) states that a layer of 
eider-down is a more efficient insulator than the vacuous space ; 
it is, however, usually necessary to observe what is taking place 
inside the vessel. The addition of a layer of insulating material 
is at the same time an advantage if the liquid air is to be 
preserved for a long time, three or four hours or more, or trans- 
ported from place to place. 

Liquid air may be poured from one vessel to another without 
danger of cracking the glass, if a little of the cold vapour is 
allowed to flow over the edge of the first vessel into the second 
before the liquid is poured out. If the vessels are made so that 
the joint between the inner and outer cylinder lies on the out- 
side of the lip, which is carefully rounded, they are much less 
liable to crack than if the junction is made so that the liquid 
can come into contact with it when it is poured "from the vessel. 
If, however, the glass does crack, the vessel usually flies to 
. pieces with a loud report, but without doing damage. The liquid 
may be transferred from one vessel to another by introducing 
into it a syphon passing through a rubber stopper which fits into 
the mouth of the vessel. The stopper shouM be held down by 
hand so that the pressure of the vapour forces the liquid through 
the syphon. The syphon should be made of rubber tube of 
5 mm. diameter. 

Vacuum - vessels for use with the Hampson liquefaction 
apparatus and for similar purposes are made with an opening at 
the bottom (Fig. 2) ; the spiral connecting tube gives sufficient 
elasticity to eliminate strain. The liquid air may be drawn off 
through a metal tap connected by a rubber junction with the 
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projecting glass tube. The tap should always be opened very 
slowly so as to allow the cold vapour to pass through the spiral 
before the liquid enters it. It is usually necessary to 
close the top of the vessel with the hand so as to force 
the liquid through the tap. 

It must not be forgotten that the temperature of 
liquid air rises rapidly as the nitrogen evaporates, and 
that its boiling-point cannot be taken as definite, as 
has been assumed by some observers. The temperature 
can always be determined by means of a hydrogen or platinum 
resistance thermometer, or by making an analysis of the vapour 
which is being given off by it (p. 224). Constant tempera- 
tures can only be obtained by means of pure liquids ; and by 
employing methyl chloride, sulphur dioxide, nitrous or nitric 
oxides, ethylene, methane, oxygen, nitrogen or carbon monoxide, 
boiling under different pressures, an almost complete range of 
temperature down to — 2 1 0° C. can be arrived at. 

A gas may be condensed in a glass tube surrounding the 
bulb or other apparatus to be cooled, as in Fig. Ill, p. 228, or 
it may be liquefied in a tube and the liquid delivered by a syphon 
into a vacuum- vessel for the experiment. In either case all the 
connections must be air-tight so as to avoid loss of the gas, which 
becomes purer from the repeated fractionation to which it is sub- 
jected. The gas should be freed from water or alcohol vapour, 
or the liquid will be opaque; and arrangements should be made to 
pump off any uncondensable gas which may be present, and which 
would collect on the condensation bulb. The .tube in which the 
gas is condensed is surrounded with liquid air in a vacuum-vessel. 
If, as in the case of ethylene, the liquid solidifies, it is necessary 
to lower the vacuum-vessel to allow the solid to melt and to run 
to the bottom of the tube. On the other hand, it will only be 
possible to liquefy nitrogen or carbon monoxide either by the 
application of pressure on the gas or by making the liquid air 
in the surrounding vessel boil under reduced pressure (p. 210)l 
If the liquid is to be allowed to boil in the tube in which it is 
condensed, as soon as a sufficient quantity has collected, the 
vacuum-vessel should be lowered so that the condensation tube 
is quite free of the liquid air ; the mouth of the vacuum-vessel 
is then plugged with wool. By this means the condensed gas 
only receives heat slowly, and when its temperature rises to the 
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boiling-point evaporates quickly. Further, no moisture is de- 
posited on the outside of the tube, and this is often highly 
important. 

The determination of the boiling-point of liquefied gases will 
be dealt with in Chapter xvii., and it is only necessary to state 
here that it is sometimes essential to guard against super- 
heating of the liquid. This may easily be done by passing a 
stream of the gas through a fine capillary tube through the 
liquid (p. 213), or by dropping small scraps of metal into it. 
This is particularly important in the case of nitrogen, of freshly- 
made liquid air, or of liquid air boiling under reduced pressure. 
In the latter case Estreicher employed a current of hydrogen 
(p. 239). 

It is extremely difficult to maintain a constant temperature by 
evaporating a liquid under very low pressure. A small reduction 
of pressure may be obtained by connecting the vessel containing 
the liquid with, a water-pump ; a gauge and a large globe should 
be interposed (p. 316). Very low pressures can only be arrived 
at by means of a mechanical pump ; and if one considers that 
1 C.C. of liquid air evaporating under a pressure of 8 mm. of 
mercury gives rise to 100 litres of gas, this is hardly surprising. 
At the same time a very considerable lowering of the temperature 
can be effected for the purpose of separating gases by fractional 
distillation by the use of a Fleuss or Carre pump. A considerable 
advantage is obtained by surrounding the vacuum-vessel con- 
taining the liquid air boiling in ramo with another vessel also 
containing liquid air. 

Tlie 8eparatio7i of the gases in a mio:ture hy fractioiuil dis- 
tillation, — As a method for the preparation of pure gases this 
process was first employed by Olszewski in the case of ethylene 
and afterwards by Kuenen to the preparation of pure ethane, 
by Dewar to the separation of helium from Bath gas, and by 
Bamsay and Travers to the separation of the inactive gases of 
atmospheric air. The method is capable of wide extension, and 
is at present the only one by which hydrogen or nitrogen may 
be separated from gases, such as the hydrocarbons or oxides of 
nitrogen ; the applications of liquid air in this direction have yet 
to be worked out. Since all known gases (with the exception of 
hydrogen, neon, and helium) can easily be liquefied at a pressure 
of a little over one atmosphere at the temperature of liqujd air, 
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the operation can be carried out in thin-walled glass vessels. To 
illustrate the method of operation it will be well to describe a 
few of the experiments which have actually been carried out. 

1. Separation of ethylene from gases of lower boiling-points, — 
The action of sulphuric acid on ethyl alcohol gives rise to the 
formation not only of ethylene but also of considerable quantities 
of carbon dioxide, sulphur dioxide, and carbon monoxide. The 
first two may easily be absorbed by caustic soda; the ethylene 
may very easily be condensed and solidified at the temperature 
of liquid air, its boiling-point being — 102'5®; the carbon 
monoxide, however, boils at — 191°, and can only be condensed 
by the application of pressure. The apparatus employed is shown 
in Fig. 106. 

The U - tube a, wliich contains a strong solution of caustic 
soda, is connected with the 
gasholder containing the 
mixture of gases, and with 
a tube b, which passes 
through a rubber stopper 
in the neck of the liquefac- 
tion bulb and reaches nearly 
to the bottom. The tube 6 
should be about 15 mm. in 
diameter, or it may become 
choked with solid ethylene. 
The tube d is connected 
through a two-way stop- 
cock e with a gasholder to receive the pure ethylene, and with 
a tube / which dips below the surface of the water or mercury 
in a vessel. 

The apparatus is first exhausted and filled with ethylene, 
and a vacuum-vessel filled with liquid air is brought below the 
bulb and raised so as slowly to increase the cooled surface of the 
bulb. The gas condenses rapidly at first, but after a short time 
the bulb becomes filled with uncondensable gas and condensation 
ceases. The stopcock e can then be turned so that a slow stream 
of gas escapes at / bubbling through the liquid. The rate of 
flow of the gas can easily be regulated, so that practically the 
whole of the ethylene is condensed, while the carbon monoxide 
escapes. It may, however, be necessary to lower the vacuum- 
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vessel once or twice during the experiment, as the layer of solid 
ethylene in d is highly non-conducting, and must be allowed to 
melt so as to leave as large a condensing surface as possibia 

When the whole of the gas is condensed the liquid air may 
be removed, and the first part of the gas, which contains carbon 
monoxide, allowed to evaporate and pass back through the U- tube 
into the original gasholder. The remainder may then be collected 
in the gasholder intended to receive the pure ethylene. To make 
quite certain that the gas which is being collected is pure, a 
platinum resistence thermometer may be enclosed in the 
liquefaction bulb, and the temperature determined during the 
operation as in the fractional distillation of any other liquid. 
This is more important in preparing ethane or> the higher 
hydrocarbons. 

This method may be employed in the prepairation of methane, 
nitric oxide, and other gases. 

2. The fractionation of atmosphei^ nitrogen {Phil, Trans. 
1901). — In order to obtain the lighter constituents of atmospheric 
air a quantity of nitrogen, about 100 litres, was condensed 
in a glass bulb immersed in liquid air boiling under reduced 
pressure. The gas condensed rapidly under a pressure of about 
2*5 atmospheres, and when the bulb was about two-thirds full 
it was placed in communication with a gasholder, and about five 
litres of gas was collected. 

This gas should have contained the greater part of the neon 
and helium from a litre of argon, but the actual result was 
disappointing, for on removing the nitrogen from the gas the 
inactive residue was found to consist of normal argon only. It 
appeared that the evaporation of the liquid in the bulb had taken 
place at the surface only, and that there had been no fractiona- 
tion. This is probably connected with the fact that liquid 
nitrogen shows a remarkable tendency to become superheated, 
and can only be made to boil steadily by passing a current of gas 
through it. 

Since for this reason it was evidently impossible to obtain 
the helium and neon from air by simple fractional distillation, 
the following process was successfully employed. It has been 
pointed out (p. 192) that when the Hampson liquid air plant 
is so arranged that the air flows in a closed circuit, the 
quantity of the lighter gases in the unliquefied portion of the 



XVI 



THE MANIPULATION OF LIQUEFIED GASES 



213 




/ 



^ 



air continues to increase. Considerable advantage could be 
obtained by submitting this air to fractional distillation, a process 
which was carried out in the following manner :-^— 

The blow-off cock S on the Hampson machine (p. 1 9 1, Fig. 100) 
was connected with the tube a of the liquefaction bulb (Fig. 107), 
which had a capacity of 120 c.c, and 

with a mercury manometer about two -^7 ^ (^ ""YTlt — -jl \a 

metres in height. The tube a was 
sealed to a capillary tube which 
reached nearly to the bottom of the 
bulb, which was also in communica- 
tion through a side-tube and a pair of brass stop- 
cocks soldered to a T- piece with the tube a, and with 
the gasholder in which the lightest fraction of the 
gas could be collected. The apparatus was immersed 
as far as the side-tube in a vacuum -vessel containing 
liquid air. 

During the liquefaction the cock c was shut, and 
the cock h was open so that the gas could have free 
access to the bulb. The pressure on the gas was 
regulated to about 2*5 atmospheres by opening or 
closing the escape-cock P on the Hampson machine. 
When about 100 c.c. of liquid had condensed, the 
cock h was closed, so that the air could only enter 
the bulb through the capillary tube. The cock c 
was then slightly opened so as to allow some of the gas produced 
by the evaporation of the liquid to pass into the gasholder ; as the 
liquid was thoroughly stirred by the current of gas which entered 
through the capillary tube, the liquid boiled and did not evaporate 
from the surface only. When about five litres of gas had been 
collected, the cock c was again closed, and by opening the pinch- 
cock d, the liquid remaining in the bulb was run into the 
vacuum-vessel surrounding it. After closing d the apparatus 
was ready for a second operation. 

In this process the air was found to have undergone an eflficieut 
fractionation, for after removing the oxygen and nitrogen from 
the gas the residue contained at least 10 per cent of a mixture 
of neon and helium. 

3. The fractionation of atmospheric argon, and the preparation 
of neon (Ramsay and Travers, Proc, Roy. Sac. 63, 438 ; 64, 183 ; 
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Phil, Trans. 190X). — The preparation of a large quantitjr of 
argon (15 litres), for the purpose of determining whether it 
would be possible to separate it into its possible constituents by 
fractional distillation, has already been referred to (p. 106); it 
remains to describe the method by which the process was carried 
out, and the results to which it led. 

The argon, which was stored over water in a zinc gasometer, 
was liquefied in the bulb h of the apparatus shown in Fig. 108, 
which it entered through 
the tube a. The bulb 
had a capacity of about 
2 5 e.c.and was surrounded 
by liquid air contained in 
a vacuum - vessel. The 
air was made to boil 
under a pressure of a few 
centimetres of mercury by 
means of a Fleuss pump 

_ ... attached to the tube c 

no. luo. 

The argon rapidly and 
completely liquefied to a colourless mobile liquid ; it showed no 
absorption spectrum. Its volume was about 17'4 c.a By turn- 
ing the tap d it was placed in communication with the first of the 
series of mercury gasholders, c ; the reservoir was then lowered so 
as to remove the lower-boiling portions of the liquid. During this 
distillation, which took ]ilace at constant temperature, the pressure 
on the boiling air was kept as low as possible. This gas sub- 
sequently turned out to be rich in neon, and to contain helium. 
The remainder of the argon boiled back into the gasometer until 
the last few drops were left ; the residue solidified, and finally 
gave a gaa to which we gave the name metargon ; it was collected 
in mercury gasholdera As will be subsequently shown, the 
krypton and xenon in this quantity of argon are too minute for 
detection. A similar operation for the purpose of separating 
the lighter as well as the heavier constituents was afterwards 
repeated three times, the middle portion of argon being always 
returned to the lai^e gasholder. A fourth liquefaction was 
carried out in which six mercury gasholders were filled with six 
separate fractions of ai^on, each taken after each successive fifth 
of the total argon had evaporated. These fractions wera next 
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puri&ed from any nitrogen accidentally present by sparking with 
oxygen over caustio potash. After the removal of the oxygen 
the density was determined. The results are expressed in terms 
of 0=16. 

.Ciipiic1t)rofBiilb.| Teinp. , pRssun. | Wrfght. '■ Dntully, 
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Fraction -i certainly contained a trace of nitrogen, and it is 
probable that fraction 1 still contained some neon, though this 
could not be detected. The results show conclusively that the 
inactive constituent of atmospheric air consists almost entirely 
of ar^on, and that substance is honic^eneous in its character. 
The density of argon, when more accurately iletermlned, was 
found to be 19-955. 

The light gas obtftined 
by the fractionation of the 
argon was then submitted 
to a further fractionation 
in the apparatus shown 
inFig, 10 9, which has since 
been frequently employed 
for similar purposes. The 
gasholder A is connected, 
through the stopcock B, 
with the liquefaction bulb 
C, which communicates 
with the Topler pump 
through the stopcock 1>. 
The gasholder is connected 
by a rubber tube with a 
mercury reservoir, and the 
bulb rt is surrounded with 

liquid air contained in a vacuum-vessel. Before introducing the 
gas the bulb c was exhausted, and to remove air from the bore of 
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the stopcock the mercury reservoir was lowered so as to produce 
a barometric vacuum in A, and the sjbopcock B was turned, as in 
the figure. 

The vacuum-vessel surrounding the bulb C was filled with 
liquid air, which was made to boil under reduced pressure by 
means of a Fleuss pump which was connected with it. By 
immersing the vacuum-vessel surrounding the bulb in another 
vessel containing liquid air, it was possible to reduce the tem- 
perature to — 205° C. without much labour. 
* The mixture of argon with the lighter gases (1), which had 
the density 14, condensed without difficulty, and by simply 
raising the mercury reservoir the whole of it liquefied in the 
bulb. It was then allowed to evaporate in five approximately 
equal fractions (2 to 6), in which, as their densities show, the 
quantity of argon present successively increased. In the follow- 
ing scheme of fractionation the numbers in brackets represent 
the densities of corresponding fractions — 

-16- 

-28^ 



1 (14-0)- 



-2 (13-4)- 
-8 (16-2) 
-4 (16-6) 
-6 (17-2) 
-6 ... 



-13 

- 7 (9-75) 14. 

- 8 ... - -16- 

- 9 (16-5) 
-10 ... 
-11 (17-7) 
-12 ... 



-17 22 

I 

-18-L, 

-19-' —28 (8.8) 
-20 — 

-21-1 -24(10-6) 
-1-25 — — 

26 

-27 



1-29- 



i-Ne and He. 
-30- 

-31- -34 (8-3) 



-32- 
-83- 



1-35 (9-8) 



-Ne and A. 



The heaviest fraction (6) was next introduced into the gas- 
holder, and liquefied. A portion of it, about a quarter, was then 
allowed to evaporate, and the denser portion which remained 
behind was removed through the pump and collected separately 
(12). The lighter gas was then liquefied together with fraction 
5, the denser portion forming fraction 11, the lighter portion 
being mixed with fraction 4 and reliquefied. This process 
was repeated with each of the existing fractions, with the result 
that six new fractions of gas were obtained and, as the densities 
show, a considerable separation was effected. 
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The lightest fraction, No. 7, which no longer showed the 
spectrum of argon, had the density 9*7, and could not be con- 
densed at the temperature of liquid air boiling under reduced 
pressure, even under two atmospheres pressure. In order to 
fractionate it further, it was mixed with a considerable volume 
of oxygen, and the mixture was liquefied and allowed to evaporate 
in three fractions (13, 14, 15). It is noteworthy that while 
the presence of a small quantity, an equal volume, of argon is 
sufiRcient to cause the neon to liquefy, the gas cannot be easily 
condensed with thirty times its volume of oxygen and nitrogen. 

After removing the oxygen from each fraction separately, it 
was found that in the third (15) alone could the spectrum of 
argon be detected by visual examination ; the other fractions 
appeared to consist of pure neon. When, however, the specttum 
of the lightest fraction (13) was photographed, the helium lines 
(\=5875 and 5016) appeared on the plate. This observation 
introduced a new feature into the work, for although no diflBculty 
had been experienced in separating the argon from the lighter 
gas, it appeared probable that the separation of neon and helium 
from one another would prove considerably more troublesome. 

In the next stage of the operations, fractions 13 and 14 
were liquefied separately with excess of oxygen, and each was 
divided into three parts (16, 17, 18,-19, 20, 21). After 
removing the oxygen and examining the fractions spectroscopi- 
cally, fractions 16, 17, and 19, which contained the greatest 
quantity of helium, were combined, as were fractions 18 and 
20, which should have contained the purest neon. The two 
latter, mixed, had the density 8*3 ; they probably still con- 
tained helium in considerable quantity. Fractions 8 to 12, 15, 
and 21 were further fractionated, and yielded about 20 c.c. of a 
gas of density 10*6 (24). 

Fraction 22 was now divided into two parts (28 and 29) by 
fractionation with oxygen, and the heavier fraction (29), mixed 
with fractions 23 and 24, was liquefied with oxygen and divided 
into four parts. The lightest part (30), as certainly containing 
helium, was mixed with fraction 2 8 ; the two middle fractions 
were mixed and refractionated with oxygen, the resulting 
fractions, 34, and 35, having densities 8*3 and 9*8 respectively; 
the heaviest fraction, a single bubble of gas, consisted almost 
entirely of argon. 
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So far, it is probable that the composition of fraction 35 
approached most closely to pure neon. It certainly, however, 
contained both helium and argon, and it was evident that in 
order to obtain a weighable quantity of the gas, it would be neces- 
sary to start from a much larger quantity of the crude material. 

The exact details of the various attempts which were made 
to liquefy neon have been described in a paper before the 
Eoyal Society {Phil, Trans, 1901). It suffices to state here that 
though it was found possible to separate the greater part of 
the argon from the gas by fractional solution in oxygen, there 
appeared to be no great difference between the solubilities of 
lielium and neon in the liquid. 

The separation of these two gases was ultimately accomplished 
by liquefying them in a bulb cooled by liquid hydrogen. At 
this temperature the neon condensed, possibly to a solid, and 
its vapour pressure was not more than 50 mm. ; the helium 
appeared to remain, gaseous, while the argon was non-volatile. 
After condensing the gas the first fraction was taken into the 
pump (p. 215); it contained a large quantity of helium. The 
second fraction, which evaporated slowly, was collected separately, 
and after removing the vacuum-vessel containing the hydrogen, 
a third fraction containing argon was collected. The second 
fraction was then recondensed, a small quantity of it was allowed 
to evaporate into the pump, and the main bulk of the gas was 
collected as pure neon ; the last traces of the gas were again 
discarded since they might contain traces of argon. 

The fraction of the gas supposed to be pure neon was found 
to have the density 10. 

2. The separation of krypton and xenon from air, — When 
liquid air is allowed to evaporate quietly in a vacuum-vessel, 
the last traces of liquid consist almost entirely of oxygen (p. 
223), with small quantities of nitrogen, argon, krypton, and 
xenon. The latter are present only as traces, as they are present 
in the atmosphere to so small an extent that they cannot be 
detected in the residue obtained by the fractionation of 15 
litres of atmospheric argon. The Hampson process for the 
production of liquid air is itself one of fractionation, about 5 
per cent of the total air which passes through the coils becoming 
liquid, and it is probable that the whole of the xenon and part 
of the krypton are condensed ; it is certain that when the air is 
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made to circulate through the apparatus (p. 191), the quantity 
of the heavier gases iu the residue from the liquid air is very 
much reduced. Under the most favourable conditions a litre of 
liquid air might yield 01 to 0*2 c.c. of xenon, which may be 
present in the atmosphere to the extent of 1 part in twenty 
millions. 

The liquid was allowed to evaporate, the gas being collected 
in a gasholder; the oxygen was removed by passing the gas 
together with hydrogen through a heated iron tube, and the 
nitrogen was absorbed by means of the mixture of magnesium 
and lime. The residual gas was then sparked with oxygen, or 
passed over heated copper oxide to remove traces of carbon 
monoxide or hydrogen, and after treatment with soda solution 
was ready for fractionation. 

The first quantity of the gas obtained in this manner 
(Eamsay and Travers, Proc. Roy, Soc, 63, 405) had the density 
2 2 "5, and its spectrum showed the brilliant yellow line, 
D^(\=587l). After the first fractionation the fraction, which 
was supposed to contain the heavier gas, was found to have a 
density barely exceeding that of argon, though the brilliance 
of the yellow line was not diminished. It was afterwards 
shown that the fall in density was due to the complete 
removal of the xenon, which had remained in the fractionation 
bulb, as its vapour pressure at the temperature of liquid air is 
infinitesimal. That the gas of density 20 showed the krypton 
line brilliantly, though the density of the latter gas is 40*8, is 
due to the fact that the spectrum of krypton, like that of 
mercury, is apparent when only a trace of it is present in 
another gas. 

The apparatus employed in fractionating the gas was the 
same as that employed in separating neon from its companions 
(Fig. 108, p. 215). When a sufficient quantity of the inactive 
gases from liquid air residues had been collected, it was liquefied 
at the temperature of liquid air; the first portion, consisting 
mainly of argon, was allowed to evaporate into the gasholder A, 
and the remaining gas, which was rich in the heavier constituents, 
was collected separately. The last traces of gas were taken off 
through the pump, the vessel containing the liquid sdr being 
lowered to allow the xenon to volatilise completely. In this 
way about 300 c.c. of heavy gas were obtained. • 
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. The whole of this gas (1) was introduced into the gasholder, 
and after being liquefied was allowed to evaporate in six equal 
portions (2-7), the last fraction (7) being taken off through the 
pump after removing the liquid air. Fraction 2 consisted of 
almost pure argon, so it was discarded, while fractions 3 to 7 
were submitted to further treatment. The course of the opera- 
tion is shown in Table I ; the fractions, which were discarded, are 
indicated by figures in square brackets ; the fractions, f-, etc. show 
the proportions into which the quantities of gas were divided. 
Fraction 3 was first introduced into the gasholder, and condensed 
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in the bulb. About |- of it was then allowed to evaporate, and 
the gas was transferred to a tube (8). Fraction 4 was then 
condensed with the residue and partially evaporated, the first 
portion of the gas which distilled forming fraction 9. This 
operation was repeated with fractions 5, 6, and 7, the quantities 
of gas taken off at each distillation being so graduated that the 
resulting fractions were all approximately equal ; the last fraction 
was taken off through the pump after removing the liquid air 
jacket. Fraction 8 was discarded as consisting mainly of argon, 
and by refractionating numbers 9 to 13 six other fractions were 
obtained (14 to 19), and of these the first two were rejected 
after spectroscopic examination. 

As the four remaining fractions (16 to 19) solidified at the 
temperature of liquid air, it was thought that by mixing them 
with oxygen it might be possible to effect a more rapid and 
complete separation of their constituents. A single experiment 
was sufficient to convince us this was not the ease, but that the 
difficulty of manipulation was only increased ; the method was 
therefore abandoned. 

Proceeding by the original method fraction 1 6 was condensed 
and evaporated into two portions (20, 21); the lighter portion 
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20, about § of the whole, was rejected. The remaining third (21) 
was mixed with fraction 1 7 ; the gas was condensed and the first 
fraction (22) was rejected, and the remainder was condensed with 
fraction 18 and divided into three fractions (24, 25, 26). 
Fractions 27, 28, and 29 were obtained in the same way. 

During the early stages of the fractionation the spectroscope 
had been the only guide in determining whether a separation of 
the gases was .being affected. Later, however, it became apparent 
that there were present in the mixture three or more gases whose 
vapour pressures at the temperature of liquid air were widely 
different ; for while argon could only be liquefied under pressure, 
the vapour pressure of krypton did not exceed 150 mm., and 
the remaining gas appeared to be nearly non-volatile. 

On account of the readiness with which the two latter con- 
densed it was necessary to take certain precautions usually 
unnecessary in fractionating gases. If the stem of the fractiona- 
tion bulb were immersed in liquid air before the gas was intro- 
duced the gas condensed in it, and as the liquid air evaporated, the 
solid volatilised without undergoing fractionation. To overcome 
this difficulty the vacuum- vessel was supported so that the surface 
of the liquid air only just touched the bottom of the bulb ; when 
the gas was admitted it condensed in the bulb which was then 
completely immersed in the liquid air. In fractionating kr}'pton 
and xenon every fraction of gas was taken off through the 
pump. 

Fractions 24, 25, 27, 28, 29 now consisted of krypton and 
xenon with but little argon. Of these fractions 25 was 
unfortunately lost through an accident ; 24 had a density 32*07 : 
fractions 27 and 28 appeared to have about the same composition, 
the mixture had the density 47*55 ; fraction 29 had the density 
56-04. 

30— 
24 -D = 32*07-1 

-31- 
27-. -30- - 

-D= 47-55- 
28-1 -31-' 

-31- 
29 -D = 56-04- 



D = 36-6 
D = 41-44 



_32 D = 61-7 



Fractions 27 and 28 were mixed together, and each of the 
three quantities of gas was in turn solidified in the fractionation 
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bulb, and separated into a lighter and a heavier part. These 
fractions were mixed as is shown in the table so as to obtain 
three samples of gas, two of which appeared from their spectra 
to be nearly pure krypton, while the third of density 61*7 
consisted chiefly of xenon. The two lighter fractions were 
separately solidified and separated into two portions : — 

I -33 (i) Krypton and argon. 

(D = 36-6) -! 

i-34 (I) (D = 40-82) Krypton. 

-35 (§) (D = 40-73) Krypton. 
(D = 41-44)-, 

'-36 (J) Krypton and xenon. 

The heavier two -thirds (8 c.c.) of the light gas and the 
lighter two-thirds (8 c.c.) of the heavy gas had the same 
density and the same refractivity, and it was therefore concluded 
that they consisted of one and the same definite chemical 
substance, to which the name krypton had been given. Further, 
if the assumption that krypton is- a monatomic element is a 
correct one, its atomic weight is 81*5, and it occupies the 
position in the periodic table of the elements between bromine 
and rubidium. 

The separation of the xenon from the krypton in fractions 
32 and 36 proved more tedious than difficult, for though their 
vapour pressures at the temperature of liquid air differed verj' 
considerably, the krypton appeared to dissolve or become enclosed 
in the solid xenon, and could only be separated by repeated 
fractionation. The gas was condensed into the bulb, in the 
manner already described, and allowed to volatilise into the 
pump, the exhaustion being continued so long as any gas could be 
removed. The vessel containing the liquid air was then lowered, 
and the xenon was collected separately. The lighter fraction 
(37) was treated in this manner several times till nearly all the 

-37 Krypton with trace of xenon. 
32,36- 

-38 Xenon with trace of krypton. 

xenon had been removed to fraction 38, which was then subjected 
to the inverse operation, that is to say, it was condensed, and 
after taking off traces of krypton through the pump, it was 
allowed to volatilise, the process being repeated with the heavier 
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fraction. In this way about 3 c.c. of a gas of density 64 
was obtained, and as the density did not increase on further 
fractionation it was taken to be a pure sample of xenon, the 
heaviest constituent of atmospheric air. This is confirmed by 
the fact that the density corresponds to the atomic weight 128, 
placing xenon between iodine and caesium in the periodic table. 
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4. The distillation of liquid air. — Mr. E. C. C. Baly has 
investigated the relationship of the composition of the liquid and 
vapour phase of liquid air boiling under constant pressure, and 
has shown that the equation, 

log ?•' = a + 6 log r, 

in which r' is the ratio of the components in the liquid and r 
the ratio of the components in the vapour, holds good. This 
equation was first applied by Lehfeldt {PhiL Mag, [5], xl. 397) to 
the results of F. 1). Brown {Chem, Soe, Trans, xxxix. 304) for the 
distillation of two liquids ; and in Baly's experiments the air is 
supposed to consist of a mixture of oxygen and nitrogen, the 
effect of the argon being negligible. The following figures indi- 
cate the order of the agreement between the observed and 
calculated values of ratios of the oxygen to the nitrogen in the 
vapour phase ; they are, indeed, as close as could be desired : — 

T (constant-pressare, 
hydrogen scale). 

80* 

82° 

84*" 

86' 

88' 

90*' 

The temperatures were determined by means of a Callendar 
compensated hydrogen thermometer (p. 151). The samples of 
the vapour were drawn off* through a capillary tube close to the 
surface of the liquid air, which was contained in a vacuum-vessel 
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plugged with cotton-wool ; the oxygen was absorbed by means 
of phosphorus. At the same time samples of liquid were drawn 
into a fine capillary tube connected through a wider tube with a 
water-pump and with a mercury gasholder ; the liquid evaporated 
in the wide tube, and the analysis of the gas drawn into the 
gasholder gave the composition of the liquid. 

Mr. Baly's results may be applied to the determination of the 
temperature of liquid air from the analysis of its constituents. 
The method gives very accurate results, and is perhaps the readiest 
method of checking resistance thermometers, etc., at low- 
temperatures (see p. 239). 
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To the separation of the constituents of a liquid by fractional 
distillation there is a practical limit on account of the extreme 
difficulty of making the liquid boil as a whole. It was found 
{Phil. Trails, 1901) that when atmospheric nitrogen, condensed 
in a bulb at the temperature of liquid air, was allowed to 
evaporate under atmospheric pressure, the composition of the 
vapour was the same as that of the liquid, and no separation of 
the neon and helium occurred. When, however, a current of 
air was blown into the liquid through a capillary tube, the gas 
which boiled off was rich in the lighter constituents. 

In some cases there is also a theoretical limit to the degree 
of separation which can be effected. 
If the vapour pressure of a mix- 
ture of two substances at the 
same temperature t, be plotteil 
against the quantity of one of 
them which is present In the 
liquid, the curve may have the 
form represented by a, 6, or c. 
The curve h represents the case 
in which, as the vapour pressure 
rises, the concentration of one 
constituent in the li«|uid continu- 
ally increases. The majority of 
mixtures, including air, follow this 
.rule; they are all capable of being more or less completely 
separated into their constituents. The curve a represents the 
case in which a mixture of two liquids at a certain temperature has 
a greater vapour pressure p than either of its constituents. In 
this case, if the mixture were allowed to evaporate at the pressure 
p, the liquid would boil at temperature t, and the distillate would 
have a constant composition corresponding to that which gave 
the maximum pressure ; the residue would consist of the higher 
boiling constituent. The curve c represents the inverse set of 
conditions. 

By altering the pressure and consequently the tempera- 
ture of ebullition of the liquid, the relationship between the 
composition of the liquid and vapour phases will be changed. 
Consequently, though it may be impossible to obtain an efficient 
separation of the constituents under one set of conditions, it may 
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Fig. 110. 
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be possible to do so under another. Unfortunately, little work 
has been done in this direction, and so far only organic liquids 
and water have been investigated. Liquefied gases should lend 
themselves readily to this investigation, as it would be possible 
to obtain direct analyses of tlie liquid and of the vapour, and to 
determine the vapour pressures and the heats of evaporation of 
the liquids. These data would be at least sufficient for a partial 
solution of the problem. 



CHAPTER XVII 

VAPOUR PRESSURE AND CRITICAL CONSTANTS 

The determination of vapour pressures— The compression apparatus — Standardising 
high pressure gauges — Introduction of gases and liquids into the com- 
pression tubes — Calculation of the results — The law of Ramsay and Young — 
Vapour pressures of water and methyl alcohol — Vapour pressures, boiling- 
points, melting-points, critical constants, etc., of oxygen, ozone, nitrogen 
(chemical and atmospheric), ethylene, methane, nitric oxide, nitrous oxide, 
carbon monoxide, carbon dioxide, and ammonia — Table of constants for the 
commoner gases — Determination of the critical constants— rThe critical temper- 
ature and pressure — The critical volume by the methods of Cailletet and 
Mathias, and of Young. 

The vapour pressures of liquefied gases may be determined by 
one of two methods; either the liquid may be allowed to 
evaporate and its temperature determined by means of a thermo- 
meter immersed in it ; or the gas may be condensed in a bulb, 
which is connected with a manometer and maintained at constant 
temperature by immersion in a bath of liquid, preferably boiling 
under constant pressure. 

The first method can only be carried out with considerable 
quantities of the gas, and even if a platinum resistance thermo- 
meter is used, it is difficult to reduce the quantity to less than 
two or three litres. The method has a distinct advantage in 
dealing with mixtures, and it would be very difficult to measure 
the vapour pressure of such a substance as liquid air by the second 
method, for unless the temperature remained very constant for 
a considerable time the condition of equilibrium between the 
vapour and the liquid would never be arrived at. This method 
was employed by Olszewski, Estreicher, and Baly in determining 
the boiling-points of nitrogen and oxygen, and by the latter in 
determining the relationship between the composition and boiling- 
points of mixtures of the two (see p. 224). 
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The second inetliod was employed in the determination of the 
vapour pressure of argon, etc. For pressures up to 800 mm. an 
open manometer was used ; for higher pressures it was necessaiy 
to employ a compression apparatus which will be described later. 
The apparatus employed in the determination of vapour 
pressures up to 800 mm. closely reseiubled the apparatus used 
in fractionating the liquefied gases. 
The bulb A. in which the gas was 
condensed, communicated with the 
gasholder E, with the pump through 
the stopcock C, and with the mano- 
meter 1). The pi-essure could be 
adjusted by raising or lowering the 
reservoir E by means of a string 
which passed o^'er a pulley ; the 
levels of the sui-face of the mercury 
ill the two tubes was determined by 
reference to a silvered glass scale 
placed behind them. 

After thoroughly exhausting the 
apparatus the gas was introduced into 
the gasholder B, and liquefied or 
solidified in the bulb A. which was im- 
mersed iu liquid air or some other 
refrigerant ; the temperature was 
determined by a platinum resistance 
or hj'drogen thermometer. In order 
to test tlie purity of the gas, it was 
usual to take readings witli the 
mercury in different positions in the 
manometer tube. If a change of 
volume did not produce a change iu 
pressure the gas was taken to be pure ; otherwise small quantities 
of gas might be taken into tlie pump through the stopcock E till 
the pressure of the remainder became constant, or it was necessary 
to reject the sample of gas. 

In determining the vapour -pressure of a liquefied or solidified 
gas, at the temperature of pure liquid smrounding the bulb and 
boiling under atmospheric pressure, no difficulty was experienced, 
and very concordant readings could be obtained. It was not, 
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however, possible to determine the vapour pressures accurately if 
the temperature was rising rapidly, since the rate of evaporation 
of the liquid or solid did not keep pace with the rise of tempera- 
ture of the bath. The flow of heat across the walls of the bulb is 
not rapid enough to compensate for the heat lost by evaporation, 
and the liquid or solid and the vapour never arrive at a con- 
dition of equilibrium. This was particularly marked at tempera- 
tures below the melting-point of the substance under examination. 
It was also noticed that in determining the vapour pressure of 
solid argon at about 8*00 mm. pressure using a bath of liquid 
air, that it was diflicult to obtain very concordant readings. It 
appeared that the pressure varied fairly rapidly with the tem- 
perature, and the irregularity was caused by the superheating of 
the liquid air. 

The Determination of the Values of pf at High Pressures, 
AND OF Vapour Pressures, Critical Constants, etc 

The compression machine. — A convenient form of compression 
apparatus, which may be employed for the determination of vapour 
pressures, critical points, etc., has been described by Ramsay and 
Young, and more recently modified by the latter. It may be used 
up to 200 atmospheres, or even higher, without difficulty; but 
the volume of gas which can be compressed is limited, of course, 
by the size of the plunger. 

The body of the instrument (Fig. 112) consists of a wrought- 
iron barrel, with openings «, a', a" to receive the compression 
tubes. Two of the openings are at the top, the third a'\ is at 
the side, but by means of an attachment b, it may be made to 
serve the same purpose as a and a'. The openings are closed by 
caps fitted to them by means of well-cut screws. Holes in the 
caps admit of the passage of the capillary compression tubes or 
mamometers. The pressure is applied by means of a screw / 
and a cylindrical plunger d. The latter, working between guide 
bars e, passes through the cap g, which serves as a gland, into 
the interior of the apparatus. 

The compression tubes and manometers are made by sealing 
capillary tubes to tubes of about 8 mm. in diameter, which are 
drawn out at the lower end (Fig. 113). The tubes should be of 
lead-glass, which is usually more uniform than soda-glass ; a line 
of white enamel on the back of the tubes facilitates observation. 
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The tubes can be graduated and calibrated from the closed end in 
the manner described on p. 76. The volumes may be expressed 
in grams of mercury or in cubic centimetres. 

Tlie manometers. — It is usual to employ two manometers, one 
reading pressures up to about 10 atmospheres and one reading 
pressures up to 50 or 60 atmospheres. In each case the 
capillary portion should be about 500 mm. long, and should 
. have an internal diauieter of about 0*8 mm. The wider tube at 
the bottom of the high-pressure gauge should have a capacity 
of about 2 C.C. Both manometers may be filled with dry air. 




for which the values of ^^v have been accurately determined by 
Amagat (p. 166). 

The compression tube to contain the g£is whose compressibility 
or vapour pressures are to be determined is of the same form as the 
high-pressure manometer. The wide tube should also be drawn 
out at the open end, so that it may be sealed to an apparatus for 
introducing the gas (p. 300). In the determination of the vapour 
pressures at low temperatures the capillary portion of the tube 
should be bent on itself 

Before the gas is introduced into the manometer or compres- 
sion tube the latter is fitted into the cap in the following manner. 
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A cylinder of rubber is cut from a rubber stopper by means of a 
large cork borer, so that it exactly fits the cavity in the cap and 
fills it to within about 3 mm. of the surface. A hole of exactly 
the same diameter as the wider portion of the capillary /\ 

tube is bored nearly through the cork and is continued, 
as in the figure, by means of a smaller cork-borer, to 
allow for the passing of the capillary tube ; both holes 
must be truly central. A washer of hard leather, 
previously heated on a water bath in a flask containing 
tallow, is placed above the rubber, and a worm of 
hard beeswax is twisted round the glass tube close to 
the washer. 

The cap g through which the plunger passes is 
also packed with rubber, but the plunger itself is sur- 
rounded with a layer of thin leather thoroughly soaked 
in grease. If this precaution is not taken the plunger 
may adhere to the rubber, which will in consequence 
rapidly wear away. 

To introduce air or any other gas into the com- 
pression tubes or manometer, after fitting it into the 
screw -cap of the compression apparatus, it may be 
sealed to the apparatus for introducing gases into 
vacuum tubes. After exhaustion, the gas is introduced 
at a slightly reduced pressure, and the compression 
tube is sealed off with a hand-blowpipe. The volume 
of gas in the tube can, if necessary, be determined by 
measuring the volume of gas let into the apparatus and 
the volume removed through the pump. This opera- 
tion is, however, somewhat difficult to carry out with 
accuracy. It must not be forgotten that the introduction 
of too great a quantity of gas might render it impossible 
to compress the gas into the capillary portion of the 
tube at all. The point of the tube can easily be 
broken off below the surface of the mercury in the 
compression apparatus before the cap is screwed home. 

This method is not usually employed in filling the 
gauges with air. The open end of the gauge is attached 
by a piece of rubber tube, through tubes containing pent- 
oxide of phosphorus and soda lime, to the pump. After exhausting 
the tube and admitting air two or three times, the rubber tube is 
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rapidly removed and the open end of the gauge is phmged below 
the surface of the mercury in the compression apparatus. 

If the substance is a liquid at the ordinary temperature of 
the air it is necessary to proceed somewhat differently. Tlie 
quill tube e (Fig. 112), is blown into a bulb and drawn out again 
at c. A small quantity of liquid is placed in the tube, and while 
the liquid is boiling it is sealed at c. The greater part of the 
liquid is then distilled out of a and 6, and condenses in c, which is 
cooled ; when sufficient liquid is left in c the tube is sealed at d. 
The point of the tube is broken beneath the surface of the mercury 
in the compression apparatus in the manner already described. 

After the two manometers are placed in position a vertical 
capillary tube, about 1*5 metres in length, is fitted into the third 
cap, which is screwed on to the apparatus. This serves as an 
open manometer for determining the values of the product pv for 
the low-pressure manometer. The manometers are enclosed in 
tubes through which a current of water circulates, the temperature 
being determined by means of a thennometer in one of them. 
The pressures are read off on a scale placed behind the vertical 
tube, and the difference of level of the mercury in the open and 
closed (low pressure) manometers is determined by reading with 
a telescope the point of the scale corresponding to the first gradua- 
tion on the manometer, which is usually divided in millimetres. 
Observations are usually taken with rising and falling pressure, 
and before each reading the apparatus is hammered with the 
hand to bring the mercury in the capillary tube into adjustment. 
The following are the results of an experiment. 

Barometer, 747*2 mm. 

Difference of levels — 325*2 on scale = 7l0'0 on manometer. 






» 1 



328-6 
346-7 
369-6 
400-1 
442-3 
481-7 
503-7 



"5 

o 
o 

B 

a 

'o 

> 



•17442 
-18393 
•19619 
•21220 
•23279 
•25577 
•27494 





• 


♦• u 


..^ 


£5^ 


■3b 


ratu 
lute 




m 


II 


C - 08 




03 U-"—' 


o p 


H o 


> t 




u 



; 285-93" 
285-75" 

285-7-2'' 



•16653 
•17571 
•18743 
•20275 
-22242 
-24438 
•26270 





o 


Open manon 
reading. 


Difference 

levels of the 

scales. 


677-7 


-3-4 


584-4 


+ 21-5 


477-6 


+ 44-4 


351-7 


+ 74-9 


198-4 


+ 117-1 


70-0 


+ 156-5 


18-5 


+ 178-5 



16-4° C. 



^ c 


5d 




o S 


^" a 






^o 




£3 


 =1 


X 

> 


^i 


.s,! 






^0 





Hi 



1417-5 
1349-2 
1265-5 
1174-4 
1059-7 
970-9 
904-6 



23,606 


1423-2 : 


23,707 


1348-8 : 


23,714 


1-264-4 1 


28,812 


1168-9 ' 


23,570 


1065-5 


23,727 


969-8 


23.764 


902-2 
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Mean value of product pi:= 237*00. 

The figures in the last column indicate the order of accuracy 
of the experiment. 

This set of observations serves to standardise the low- 
pressure gauge, which can now be compared with the high- 
pressure gauge, to determine the value of pv for the latter. For 
this purpose the open manometer is removed, and is replaced 
either by the compression tube containing the gas to be examined, 
or by a plug of glass. The pressure is then raised till the 
mercur}^ enters the capillary tube of the high-pressure gauge, and 
a series of simultaneous readings of the volumes of the two gauges 
are taken. It is necessary to apply a correction for the differ- 
ence of level between the surfaces of the mercury in the two 
gauges, but if the two are at the same temperature no other 
correction is necessary. The results of a set of observations are 
stated in the following table : — 



ill 


Volume of air 

ill grams of 

mercury. 


' Ml 

je ofl g 
3^ 


84-5 


2-4172 


45-0 


105-4 


2-2327 


40-8 


132-3 


1-9985 


35-35 


157-1 


1-7816 


30-6 


179-8 


1 -5825 


26-0 


153-0 


1-8175 


31-3 


84-7 


2-4145 


45-0 


63-3 


2,5597 


49-5 






4* "* S 

s ^ s 
— c -^ 



£ f 


^l^^ 




nnperatu 

of 
anometei 


i* © ? £ 
c § t 5 

c i 5» S 


X 

> 


' H S 


S.^- 





-02790 


285-85° 


•02572 


285-85" 


•0-2288 


285-85° 


•03071 


285-85" 


•01802 


285*8" 


•02078 


285-85° 


-0-2790 


285-9" 


-03011 


285-85' 



9,358 
10,096 
11,273 
12,389 
14,154 
12,352 
9,356 
8,721 



21,695 
21,520 
21,508 
21,514 
21,396 
21,434 
21,536 
21,600 



Mean value oi pv— 215*12. 

In the case of the high-pressure manometer the high figures 
correspond to small volumes, while the inverse is the case with 
the low-pressure gauge. The difference of the levels of the 
mercury in the two gauges may be deduced from the observation 
that the mark 3 3 '2 on the high-pressure gauge corresponds to 
the mark 25*8 on the low-pressure gauge. The figures in the 
sixth column are calculated from the formula, 



( PV (for low-p res9iiregauge) Correction ) 

= - 273 > 

i Observed vohnne x -rrr \ 



^ I 
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It is unnecessary to apply a further correction to reduce the 

observed pressures to actual pressures, since we wish to calculate 

the product 

(volume) X (observed pressure) 

for the high-pressure gauge. 

The most convenient way in which the correction can be 
applied is as follows : — The reciprocals Of the volumes are 
calculated from the values of PV for air as given by Amagat : — 



p. (mms.) 


1 

r 


c 


5,000 


5,011 


11 


10,000 


10,049 


49 


15,000 


15,113 


113 


20,000 


20,202 


202 


25,000 


25,314 


314 


30,000 


30,441 


441 


35,000 


35,582 


587 


40,000 


40,712 


717 


45,000 


45,851 


851 


50,000 


50,995 


995 


55,000 


56,098 


1098 


60,000 


61,199 


1199 



The figures in the third colunm stand for the amounts in 
millimetres to be subtracted from the observed ^ pressures, the 
reciprocals of the volumes, in order to determine the true 
pressure. The figures in the second and third columns may be 
plotted on a curve. 

The determination of the vapour pressure of a liquid confined 
under high pressure in the apparatus just described, is a com- 
paratively simple matter so long as the compression tube can be 
maintained, at a fairly constant temperature. The tube can be 
surrounded by a water-jacket, or by the vapour of a liquid boiling 
under constant pressure in the apparatus described in the 
Appendix. For low temperatures the end of the tube, which is 
bent downwards, may be immersed in a liquefied gas which may 
be allowed to evaporate into a gasholder ; the temperature may 
be determined by means of a gas thermometer or resistance coil. 
When working at low temperatures it is very necessary to take 
care that the mercury is not forced into that part of the tube 
which is cooled below its freezing-pomt. 
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In determining the vapour pressure, after the temperature 
has become fairly constant the pressure should be raised until 
some of the gas has become condensed in the tube. The 
apparatus should then be thoroughly hammered with the hand to 
allow the mercury in the gauges to settle into position, and 
after sufficient time has elapsed for the vapour and the liquid to 
arrive at a condition of equilibrium, the gauges are read. The 
pressure may be calculated from either or from both of the 
gauges. If the temperature is fairly constant it should be 
possible to make two or more observations of the pressure, 
changing the volume of the vapour in the compression tube 
between each observation. It may be noted here that in the 
case of water Bamsay and Young found that the vapour pressure 
depended upon the volume of liquid in the compression tube ; 
this is probably due to the existence of some diflference between 
the najture or composition of the surface, and of the mass of the 
liquid, and may be connected with the fact that water is an 
associated liquid. 

The following figures indicate the method of calculating the 
vapour pressure from the readings of one of the gauges. They 
represent the vapour pressure of argon at the temperature of 
boiling nitric oxide. 



Gauge 
reading. 


Tempera* 
tiire. 


Volume. 


^^' at 0" C. 

V 


A 


c. 


P. 


119-0 


284-55'A 


2-1167 


10,596mn]. 


-236 


-54 


10,306 


122-5 


It 


2-0846 


10,781 „ 


-402 


-57 10,322 


1187 


if 


2-1168 


10,692 „ 


-226 


-54 


10,312 

1 



Here A stands for the difference of the level of the mercury 
in the manometer and compression tube, and since the volume of 
vapour and liquid was changed between the observations it is not 
a constant. The correction c which is subtracted from the 
observed pressure to reduce it to the actual pressure is obtained 
from the curve referred to on p. 234. 

Calculation of the vapour pressure of liquids, — Eamsay and 
Young (Fhil. Mag,, 1886, 21, 33) have shown that the vapour 
pressures of any liquid may be calculated for any temperature 
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when the vapour pressures corresponding to two temperatures 
are known. 

Let Ta and Tb be the temperatures corresponding to the 
vapour pressure p for two liquids, and Ta' and Tl/ the tempera- 
tures corresponding to the vapour pressure p' for the same pair of 
liquids. 

Thus: — 

Ta Ta' , 

Tb " Tb' "^ ^'^"^^ " "^^ ) 



when k is some constant. 

Methyl alcohol or water, liquids for which the vapour 
pressures have been accurately determined over a w^ide range of 
temperature, may be taken on one side, and on the other the 
substance for which only a few points have been found. The 
accuracy, of course, increases with the number of known 
points, for it is then possible to plot the results on curve 
paper, and redetermine the pressures or temperatures from the 
smoothed ratios. In the following plate the absolute tempera- 
tures of water corresponding to the definite vapour pressures are 
made the ordinates, and the ratios corresponding to those 
temperatures are made the abscissae. 

In the following table the observed vapour pressures 
corresponding to certain absolute temperatures for krypton are 
given together with the corresponding absolute temperatures for 
water and methyl alcohol, and the ratios which have been 
calculated from them. The results are plotted on the accompany- 
ing plate in the manner indicated above. 









TKr. 




TKr. 


P. 


TKr. 


Taq. 


Taq. 


Tal. 


Tal. 


386-6 


112-7 


355-1 


0-3174 


321-8 


0^3502 


898-7 


123-1 


377-5 


•3264 


3423 


•3596 


11,970 


170-9 


474-3 


•3603 


329-3 


-3981 


28,808 


197-9 


521-2 


•3797 


471-4 


•4198 


30,837 


201-0 


525-1 


•3828 


475-0 


•4229 


31,621 


201-5 


526-6 


•3826 


476-4 


•4230 


34,693 


204-1 


532-2 


•3835 


48 r4 


•4240 


37,006 


206-4 


536-2 


•3849 


485-0 


•4256 


41,245 


210-5 


544*3 


-3876 


491-0 


•4287 



In order to plot the vapour pressure curve for krypton, 
the absolute temperatures of water corresponding to definite 
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intervals of pressure were first determiued, and the ratios 
corresponding to these temperatures were read off on the plate; 



the ratios multiplied by the absolute temperatures for water gave 
the absolute temperatures for krypton corresponding to the same 
pressures. 

p. (mm.) Tail. I^.^' TKr. 



400 


336-0 


■3198 


113- 


600 


366-5 


■3229 


118- 


900 


374-6 


■3257 


122- 


l.SOO 


380-6 


■3280 


124- 


1,500 


390-8 


■.■!315 


129^ 


2,000 


402-6 


-3359 


135- 



238 



EXPERIMENTAL STUDY OF GASES 



CHAP. 







TKr. 




p. (mm.) 


Taq. 


taq. 


TKr. 


4,000 


427-2 


•3449 


147-3 


6,000 


443-3 


-3507 


156-5 


8,000 


555-8 


•3553 


161-96 


10,000 


465-9 


•3591 


167-3 


16,000 


488-7 


-3672 


179-45 


20,000 


600-4 


•3717 


I86 


30,000 


523-6 


•3801 


199-0 


40,000 


6411 


-3866 


209-1 


41,300 


(critical point) 


210-6 



The figures in the first and leist columns plotted as ordinates 
and abscissae give the vapour pressure curve. It is noticeable that 
the curve can be continued above the critical point, but it has no 
real significance. 

Vapour pressure of water, — The vapour-pressures at tempera- 
tures between —20° C. and 120° have been calculated by Broch 
from Regnault's determinations ; they are to be found in every 
large text -book of physics. The vapour pressures at higher 
temperatures have been determined by Ramsay and Young {Phil. 
Trans,, 1892, 183a, 112). 

Vapour Pressure op Water 



T. Aba. 


P. (mm.) 


T. Abs. 


P. (mm.) 


393" 


1484 


473" 


11,625 


403^* 


2019 


483" 


14,240 


413' 


2694 


493" 


17,365 


423' 


3568 


603" 


20,936 


433" 


4652 


513" 


25,019 


443° 


5937 


623" 


29,734 


453" 


7487 


533" 


35,059 


463' 


9403 


543" 


41,101 



The vapour pressures of methyl alcohol have been determined 
over wider ranges, and are therefore often useful (Eamsay and 
Young, PhU. Trans. 1887, 137, 326). They are as follows: — 
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Vapour Pressures op Methyl Alcohol 



T. Abs. 


P. (mm.) 


T. Abs. 


253° 


7-605 


433° 


263° 


15-402 


443° 


273" 


29-600 


453° 


283° 


54-224 


^ 463° 


293° 


95-104 


473° 


303° 


160-28 


483° 


313° 


260-47 


493° 


323° 


409-47 


498° 


333° 


62510 


503° 


343° 


926-6 


505° 


353° 


1,340-3 


507° 


363° 


1,894-6 


509° 


373° 


2,622-5 


510° 


383° 


3,561-1 


511° 


393° 


4,751-3 


511-5° 


403° 


6,239-2 


512° 


413° 


8,072-5 


512-5° 


423° 


10,306 


513° 



P. (mm.) 

12,999 
16,213 
20,016 
24,481 
29,688 
35,722 
42,676 
46,530 
60,651 
52,378 
54,151 
55,971 
56,900 
57,839 
58,310 
58,790 
59,268 
59,759 



Oxygen, — The boiling-point on the constant-volume hydrogen 
scale has been determined by Wroblewski, 90*6 (Weiner Akad. 
1888); Olszewski, 90-6; Ladenburg and Krugel, 90*7; and 
Dewar, 90-3 to 91-5. 

The vapour pressures of oxygen have been determined by 
Olszewski, Estreicher, and Baly. Olszewski's measurements 
extend from 62"* Abs. to the boiling-point, which was de- 
termined both by the hydrogen and by the helium thermometer 
(see p. 156). Measurements at higher pressures (C. r. 100, 351) 
were also carried out ; the observed temperatures appear to be 
about half a degree too high. Estreicher's measurements are 
very erratic, but are suflBciently nuraetous to give an idea of the 
trend of the curve. Baly's experiments cover only a limited 
range ; the temperatures were determined by means of a Callendar 
thermometer (p. 151). The smoothed results, which appear to 
be about 0'5* too low, are given in the following table : — 



[Table 
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Temperature 

(constant- 
pleasure (B.), 

constiUit- 

voluine (Ols. 

and E.) 



Vapour-Pressure. 



1. 
(B.) 



o 



(Ola.) 



S. 
(E.) 



1 

6-2' 






8-4 


9-6 


63' 






10-8 


11-0 


64" 






13-3 


14 6 


6.V 






16-1 


17-7 


. 66' 






19-7 


21-2 


67° 






24-0 


25-6 


68' 






29-1 


31 


69" 


1 




35-6 


37-2 


70' 






43-0 


44-6 


71' 


• 




51-6 


53 


TT 






61-0 


62-5 


73' 






72-0 


73-5 


74' 






85-0 


86 U 


75^ 






100 


100 


76' 






117-6 


116-0 


77-0' 


138-4 


136-2 


134 


77-5' 


158-7 


146-5 


145-1 


78-0' 


170-0 


158-0 


155-7 


78-5^ 


181-4 


169-8 


167-5 


79 0' 


193-5 


182-5 


180-0 


79-6' 


206-6 


195-9 


193-9 


80 0' 


220-0 


210-1 


208-1 


80-5^ 


234 


224-8 


222-8 


81-0' 


249-0 


240-1 


287-9 


81 •5'' 


264-8 


257-0 


253-7 


82-0' 


281-8 


274-0 


270-0 


82-5' 


299-5 


292-1 


287-5 


83-0^ 


319-2 


311-7 


305-3 


83-5' 


338-6 


332 


323-3 


84-0' 


369-0 


353-5 


342-3 


84-5' 


380-5 


3Z6-4 


362-0 


85-0^ 


401-8 


401-7 


382-9 


85-6' 


424-6 


427-0 


404-6 


86-0' 


449-0 


454-0 


427-4 


86-5' 


475*5 


482-0 


451 -7 


87-0' 


503 


510-5 


477*0 


87-5' 


530-5 


540-5 


506-5 


88-0' 


560-0 


571-6 


538-6 


88-5' 


590-0 


604-7 


571-5 


89-0' 


621-5 


639-9 


608-8 


89-5' 


653-6 


676-6 


646-5 


90-0' 


687-5 


1 714-2 


685-0 


90-5' 


725-5 


753-2 


725-5 


91-0' 


761 -5 


1 794-0 


766-0 



Olszewski's measureiiients at higher pressures are as follows 1 
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T. (Abs.) P. (mm.) 


164-2' (Critical) 44,080 


153-5' 


» i 








. 37,772 


ISl^** 












35,492 


150-4" 












34,580 


UQ-O"* 












32,680 


147-4' 












30,704 


146-2' 












. 28,956 


145-0' 












. 27,588 


1440' 












26,144 


142-7' 












24,776 


1260' 












. 10,412 


124-4^ 












9,348 


121-4' 












7,782 


116-4' 












6,355 


113-1' 












4,735 


106-9' 












3,230 


97-6' 












1,642 


91-6' 

■r  1 - 






• 
1 • 


. 1 




760 



JjBLter results appear to indicate that the boiling-point of 
oxygen on the constant- volume hydrogen scale is 90'5^. 

Ozone.— Troost (C. r., 1898, 126, 1781) and Ladenburg (5er., 
1893, 2508) have succeeded in obtaining fairly pure liquid 
ozone by condensing ozonised oxygen and subsequently evaporat- 
ing the liquid. They give 154° Abs. and 148° Abs. respectively 
as the lower limiting value for the l3oiling-point. The experiment 
is a dangerous one, though Troost states that liquid ozone is non- 
explosive in the absence of organic matter. 

By passing ozonised oxygen into a vacuum-vessel in which a 
test-tube of liquid air is suspended, the ozone may be condensed 
to a blue liquid, which collects in drops on the outside of the 
test-tube. 

Nitrogen, — The measurements of the vapour pressure of 
atmospheric nitrogen by Olszewski (C. r., 99, 134 ; 100, 350) and 
Baly {loc, cit,) show a very close agreement. Olszewski's experi- 
ments cover a wider range ; the critical point was found to be 
124° A. and the melting-point 59° A. at 60 mm. pressure; the 
constant - volume hydrogen thermometer was employed. The 
temperatures in Baly's experiments are on the constant-pressure 
hydrogen scale. The following table contains the results 
smoothed by the method of Bamsay and Young : — 



u 
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Temperatnre. 




Pressure in mm. 






Baly. 














Olszeivski 
(Atmospheric). 
















Atmospheric. 


Cliemical. 






77^ 


716-0 


717-0 


726-0 




' 77-5° 767-5 


760-0 


768-5 




1 78° ; 800-0 


806-0 


815-0 




1 78-5° ! 846-5 


856-0 


860-6 


79° ' 895-0 


906-0 


908-5 




1 79-5° 944-0 


959-0 


969-0 






80° 995 -0 


1013 


1,010-6 ! 




80-5° ' 1048-0 


1072-6 


1,066-6 






81° 1104-0 


1130-5 


1,121-6 






81-5° 1163 


1193-0 


1,180-0 






8-2° 1225-4 


1258-0 


1,240-6 






82-5° 1290-0 


1324-0 


1,304-0 




83° ' 1357-0 


1386-0 


1,369-6 






83-5° 1426 


1468-0 


1,438-0 






84° 1 1497-0 


1544-5 


1,508-5 ; 




84-5° 


1570-5 • 


1623-5 


1,682-0 






85° 


1646-0 


1705-5 


1,658-0 






85 -5° 


1725-0 


1792-0 


1,737-0 






H6° 


1808-0 


1880-0 


1,820-0 






86-5° 


1895-0 


1968-0 


1,904-6 






87° 


1985-0 


2062-0 


1,992-5 






87-5° 


2076-0 


2146-0 


2,0810 i 




88° 


2170-0 


2256-0 


2,173-5 [ 




88-5° 


2267-0 


2340-0 


2,268-0 ' 




89° 


2368-0 


2465-0 


2,368-0 






89-5° 


2472-5 


2575-5 


2,472-0 






90° 


2581-0 


2686-0 


2,579-0 






90-5° 


2694-0 


2799 


2,688-0 






91° 


2812-0 


2916-5 


2,802-0 






92*4° 






3,125-0 






94*1° 








3,581-0 






95*9° 








4,088 






97 6° 






' 


4,652 






99-4° 
101-2° 
103-0° 
104-9° 
106-7° 
108-6° 
110-4° 






• 


6,274 
5,962 
6,717 
7,546 
8,644 
9,443 
10,620 






112-3° 








11,689 






114-3° 


... 






12,966 






116-2° 






14,326 






118-1° 1 






16,801 




120-1" 


» • t 






17,390 






122 


• • • 






19,097 






124 (Critical) ... 






20,926 





Mhylene. — The boiling-point of ethylene has been found by 
Olszewski (C. r., 99, 133) and by Eamsay and Travers to be 
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1 70*5° Abs. When, however, the ratios of the corresponding tem- 
peratures of water and ethylene, as determined by Olszewski, are 
plotted, the ratios corresponding to the lower pressures lie on a 
line which does not include the ratio corresponding to the boiling- 
point. It appears, therefore, probable that either the boiling- 
point is incorrect or the temperatures corresponding to the lower 
pressures are affected by a constant error. The following values 
for the vapour pressures are calculated from the observed tem- 
peratures of boiling ethylene, measured by means of a Callendar 
constant-pressure hydrogen thermometer. The results are pro- 
bably 1° too low. 



p. (mm.) 


T. (Abs.) 


p. (mm.) 


T. (Abs.) 


100 


143-8" 


500 


164-1° 


200 


151-9'* 


600 


166-8" 


300 


157-0" 


700 


169-2" 


400 


160-8" 


760 


170-5" 



Wroblewski ( Wim, Akad., 1888) and Witkowski (Phil. Mag., 
1896, 1) found the boiling-point to be 169*5° on the constant- 
volume hydrogen scale ; this result appears to be correct. 

The melting-point of ethylene is about 90° Abs., and conse- 
quently the liquid may be used as a refrigei-ant over a very wide 
range of temperature. 

Methane. — The results obtained by Olszewski (C. r., 100, 940) 
when smoothed by the method of Eamsay and Young appear 
fairly concordant. The following values have been calculated 
from them : — 



p. (mm. 


T. (Abfi.) 


P. (mm.) 


T. (Abs.) 


500 


103-6" 


15,000 


160-5" 


760 


108-3" 


20,000 


167-9" 


1,000 1 


111-6" 


25,000 


174-4" 


2,000 


121-2" 


30,000 


180-1" 


4,000 


132-2" 


35,000 


184-9" 


6,000 


139-7" 


40,000 


189-4" 


8,000 


145-7" 


42,400 


191-2" (Critical) 


10,000 


150-6" 







Eamsay and Travers find the boiling-point to be 112*7° Abs. 

Nitric oxide. — The results obtained by Olszewski for the 
vapour pressures of nitric oxide are somewhat peculiar. When 
the vapour-pressure curve is plotted it is found that it cuts the 
curve for methane, which should not occur in the case of simple 
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substances. Further, the ratios of the corresponding absolute 
temperatures (p. 236) for nitric oxide and methyl alcohol, when 
plotted against the methyl alcohol temperatures, do not lie on a 
straight line, and the boiling-point determined by extrapolation 
(p. 237) from the pressures at the higher temperatures is found 
to be 127-6° (Abs.) instead of 1200' which was the observed 
temperature. The gas was prepared by heating ferrous 
sulphate with nitric acid, but it is probable that the sample 
examined contained nitrogen, an idea which is supported by the 
high critical pressure assigned to the gas. It is possible, though 
improbable, that the irregularities are due to association tak- 
ing place at low temperatures. The following are Olszewski's 
results : — 



p. (mm.) 


T. (Aba.) 


18 


96-5° 


138 


106-0' 


760 


1200' 


4,104 


1350' 


8,066 


144-0' 


15,200 


154-0' 



P. (mm.) 


T. (Abs.) 


24,316 


163-0' 


31,160 


168-0' 


37,924 


172-1' 


43,928 


175-5' 


64,112 


179-5' 



The boiling-point, as determined by llamsay and Travers, is 
123'1° Abs. The gas was liquefied by means of liquid air, and 
purified by fractional distillation. The temperature was deter- 
mined by means of a platinum resistance thermometer, which 
had been standardised by direct comparison with a constant- 
pressure hydrogen thermometer (p. 151). The temperature re- 
mained constant so long as the coil was immersed in the liquid. 
It may be noted that a minute trace of the higher oxide is 
sufficient to give a blue colour to the liquid. 

Nitrous oxide. — Kamsay and Shields (Chem. Soc, Jour,, 1893, 
63, 135) have determined the boiling- and melting-points by 
means of the constant-volume hydrogen thermometer. 

Melting-point .... 170-3' Abs. 

Boiling-point . . . . 183*2' „ 

The vapour pressures were determined by Faraday in 1845, 
but the results are worthless. 

Cailletet and Mathias (Jour, de Phijmque [2], 6, 549) deter- 
mined the volume of the liquid and vapour at temperatures 
between 273° and 305° Abs. The critical point, according 
to. their results, is 310° Abs. 
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P. (ram.) 


T. (Abs.) 


760 


83-0' 


2,000 


92-7" 


4,000 


106-9° 


6,000 


111-4" 


8,000 


116-r 



Carbon monoxide. — Olszewski (C, r,, 99, 706). The following 
are the values of the vapour pressures calculated by the method 
of Eamsay and Young from Olszewski's results : — 

P. (mm.) T. (Abs,) 

10,000 119-2" 

16,000 128-3" 

20,000 133-2" 

25,000 135-8" 

25,400 137-4"(Critical) 

Carbon dioxide. — It is somewhat strange that the vapour 
pressures of carbon dioxide have never been accurately determined. 
In Andrews's observations the pressures were calculated on the 
assumption of Boyle's law ; and since the gas certainly contained 
a trace of air, the results, even if corrected, would be of little 
value. Andrews gives 303*98° Abs. as the critical temperature, 
and 73 atmospheres as the critical pressure; the pressure 
corrected for the deviation of pv from unity is probably about 
54,400 mm. 

Amagat (Jour, de Physique [3], 1, 388) gives the following 
values for the critical constants: Tc= 304*35, Pc5= 55404, 
Vc = 0*464 cc. Cailletet and Mathias (Jour, de Physique [2], 6, 
549) obtained about the same value for the critical temperature. 

Cailletet (C. n, 112, 1170) gives the vapour pressures between 
-80° and -34" C.:— 



p. (mm.) 


T. (Abs.) 


P. (mm.) 


T. (Abs.) 


760 


193"(Solid) 


4159 


223" 


1178 


299° 


6627 


229" 


1681 


203" 


7790 


233" 


2356 


209" 


9652 


239" 


2964 


213" 







When these results are plotted, they appear somewhat 
irregular. 

The melting-point, which lies some little way above the 
boiling-point, does not appear to have been determined. 

A mixture of solid carbonic acid and ether has a constant 
temperature 194*8° Abs. so long as it has the consistency of 
butter ; as soon as ether appears at the surface the temperature 
rises (Olszewski). 
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The densities of liquid carbon dioxide have been determined 
by Cailletet and Mathias : — 



T. (Abs.) 


Density 


303-2'^ 


0-3507 


30ir 


0-3044 


298-0' 


0-2643 


292-7' 


0-2014 


286-6' 


01686 


275-2' 


01040 



Ammonia, — The vapour pressures have been determined by 
Pictet for temperatures between — 30° and + 50° C. The results, 
when plotted by the method of Eamsay and Young, give a fairly 
straight line. The following are the smoothed results : — 



p. (mm.) 


T. (Abs.) 


760 


2360' 


800 


241-3' 


1000 


245-8' 


1200 


249-7' 


1600 


254-8' 


2000 


261-4' 


3000 


271-5' 



P. (mm.) 

4,000 

6,000 

8,000 

10,000 

12,000 

14,000 

16,000 



T. (Abs.) 
279-3' 
290-3' 
299-9' 
307-4' 
313-7' 
319-4' 
324-3' 



The results obtained by Bliimke appear to be less reliable. 
The vapour pressures at higher temperatures can be obtained by 
extrapolating on Pictet*s observation by means of the formula — 

Tnh3 = Tch8OH(0-64071 +TCH3OH x 0-00021318), 

where TcHsOH^is the temperature of methyl alcohol corresponding 
to the pressure required. 

Vincent and Chappins give for the critical constants — 



Critical temperature 
Critical pressure 



404' Abs. 
83,800 mm. 



Helium, neon, argon, krypton, and xenon. — ^Dewar states that 
the helium cannot be condensed at the melting-point of hydrogen. 
At the boiling-point of liquid hydrogen neon appears to solidify 
(R. and T.) (p. 218), and to have a very low vapour pressure ; its 
critical temperature lies below — 210" C. The following are the 
smoothed values for the vapour pressure of the three remaining 
gases (Eamsay and Travers, Phil. Trans,, 1901) : — 
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PRES8UBE. 


Tempkbature. 
(Constant-pressure hydrogen.) 


Pressure. 


Temperature. 
(Constant-pressure hydrogen.) 


Mm. 


Argon, 


Krypton. 


Xenon. 


Mm. 


Argon. 


Krypton. , 


\ 
Xenon. ' 


300 


78-94° 


110-48° 


148-9° 


14,000 


129-47° 


175-88° 


238*7° 


400 


81-31° 


113-84° 


153-2° 


16,000 


132-78° 


179-45° I 


243-7° 


600 


83-32° 


116-14° 


156-8° 


18,000 


134-88° 


182-79° ' 


248-3° 


600 


84-89° 


118-35° 


159-7° 


20,000 


1 137-36° 


186 00° 


252-6° 


700 


86-38° 


120-19° 


162-0° 


22,000 


139-65° 


188-88° 


266-6° 


760 


• • • 


• • • 


• • • 


24,000 


141-80° 


191-68° 


260-2° 


800 


87-77° 


122-01° 


164-7° 


26,000 


143-82° 1 


194-32° ' 


263-8° 


1,000 


89-90° 


124-84° 


168-8° 


28,000 


145-80° 


196-72° 


267-2° 


1,500 


93-52° 


129-55° 


176-8° 


30,000 


147-58° ; 


199-02° 1 


270-2° 


1 2,000 


97-95° 


135-23° 


182-9° 


32,000 


149-28° 


201-21° , 


273-7° 


3,000 


103-33° 


142-17° 


192-4° 


34,000 


150-88° 


203-32° 


276 0° 


4,000 


, 107-27° 


147-34° 


199-6° 


36,000 


152-52° ' 


205-40° 


278-9° 


6,000 


113-58° 


155-47° 


210-8° 


38,000 


154-11° 


207 -25° 


281 -9° 


8,000 


118-60° 


161-95° 


219-6° 


• • • 


• •  


1 

• • • 


• • • 


10,000 


122-72° 


167-31° 


226-8° 


40,200 


155-60° 


• «  


 • • 


1-2,000 


126-81° 


171-87° 


233-1° 


•  t 


; Critical 


 • • 


• • • 


« • « 


  • 


• • t 


• •  


41,240 


• • • 


210-6° 


• • • 


• • • 


•  • 


• • • 


• • • 


• • « 


I • • • 


.Critical 1 


* • • 


1 ••• 


  • 


• • • 


1 


43,500 


• « • 


• • • 


287-77° 


1 


•   
1 


• • • 


• • • 


1 


1 


1 


Critical 



Table of Qonstants 



1 

1 


Absolute 


Absolute 


Absolute 


Critical 


Density at 


1 




boiling- 


melting- 


critical- 


pressure 


boiling- 


liquid. 

1 




point. 


point. 


point. 


(mm.) 


point. 


Hydrogen 


26 


e 

16 




35 


11,600 


0-06 


Colourless 


Oxygen . 


90-5 


below 50 


154 


44,080 


1-131 


Bluish , 


 Nitrogen (chemical) 


77-54 


60 


124 


20,930 


0-791 


Colourless 


Nitrogen (atmospheric) 


77-50 


60 


t • a 


• • • 


•  • 




Carbon monoxide . 


83-0 


66 


137 


25,400 


 • • 


j 


Carbon dioxide 


193 


t « • 


304 


55,000 


 • • 




Nitric oxide 


123-1 


• • • 


179? 


54,000 ? 


• • • 




Nitrous oxide . 


183-2 


170-3 


310-0 


 • • 


• • • 




' Methane . 


108-3 


• •  


191 


42,400 


0-416 


' 1 


1 Ethane . 


180 


bclowl20 


305 


38,100 


• • • 


„ r 


, Propane . 


228 


• • • 


370 


33,440 


. • « 


1 


. Ethylene . 


169-5 


104 


282 


, 44,080 


0-571 




Acetylene 


190-5 


V • t 


308 


46,375 


 . * 




Methyl chloride 


249-3 


t •  


416 


; 41,000 


• • • 




Salphur dioxide 


263 


 • • 


428-4 


60,000 


.   




Fluorine . 


186 


• • • 


• • • 


1 •" 


l-ll 


Yellowish 


! Chlorine . 


239-6 


... 


1 

• • • 


1 

... 


1-507 


Colourless ' 


Hydrogen sulphide . 


211-5 




373 


69,900 




»' 1 


Hydrogen phosphide 


188 


• « » 


•  • 


1 


 .  


1 


1 


Ammonia 


234-5 


197-6 


404 


85,900 


* • • 


1 




, Helium . 


below 20 


* • • 


• • • 


I 

1 • • • 


... 


' 1 




Neon 


30-40 


• 
« • t 


j below 65 


... 


• • • 






Argon 


86-90 


• • t 


156-6 


• 40,200 


1-212 






Krypton . 


121-33 


• • • 


210-5 


41,240 


2-155 




. . 1 

1 


Xenon 

1 


163-9 


• • • 


287-8 


1 43,500 


3-52 

1 


, 





248 EXPERIMENTAL STUDY OF GASES chap. 

The (critical constants. — The only difficulty in determining the 
critical temperature is that of maintaining a constant and definite 
temperature during the experiment. The methods employed in 
regulating the temperature are described in the appendix and 
in the chapter on the liquefaction of gases. 

The gas or liquid may be contained in one of the capillary 
tubes of the compression apparatus, or in a sealed tulie. There 
is no difficulty in condensing gases such as carbonic acid, sulphur 
dioxide, etc., even without employing liquid air. Observations 
should be made both with rising and falling temperature. 

The temperature obtained by direct observation in this way 
may differ slightly from the true critical temperature, since the 
volume occupied by the gas is not the true critical volume. 
Since, however, as will be pointed out again later, a very small 
change of pressure at the critical temperature involves a consider- 
able change in volume, the error introduced is exceedingly small. 

The critical pressure is the most easily determined of the 
critical constants. The liquid or gas is enclosed in the capillary 
tube of the compression apparatus, and the tube is heated or 
cooled, so that part of it is just above the critical temperature 
and part below it. The pressure is then slowly increased till the 
critical pressure is reached, when the meniscus between the liquid 
and the vapour in the tube suddenly disappears. Observations 
may be made both with rising and with falling pressure. 
(Altschul, Zeit. Phys. Chem. ii. 1893, 577). 

If the critical temperature and the vapour pressures corre- 
sponding to two or more temperatures are known, the critical 
pressure may be calculated by the method given on p. 236. 

Tfie critical volume. — The determination of the critical 
volume is a matter of considerable difficulty, even when the 
substance in the liquid state can be brought into contact with 
mercury. This is only possible in the case of liquids whose 
critical temperatures lie within a very limited range. The 
difficulty is considerably increased by the fact that a very small 
change of temperature about the critical point produces a con- 
siderable change in volume. 

S. Young (Phil. Mag., 1892, 181) has described a method 
for the determination of the critical volume in the case of 

I 

liquids which can be brought into contact with mercury at their 
critical points. The gas, which is contained under pressure in 
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the capillary portion of a compression tube, is maintained at a 
temperature slightly above its critical point, and is allowed to 
expand by slowly turning the screw of the compressor. Separa- 
tion of liquid takes place momentarily, owing to adiabatic cooling, 
and the position of the surface is observed. After repeated 
trials, the volume is so adjusted that, on lowering the pressure 
very slightly, the surface of the liquid lies almost at the top of 
the tube, and its volume can be read off directly. 

Tlie meifiod of CaUletet and Mathias {C. r., 1886, 102, 1202) 



197 



195 




198 L 



0-20 



0-&0 



Fio. 115. 



certainly yields the most accurate results which have yet been 
obtained. It has already been pointed out that each of the 
isothermals for any substance below its critical point contains two 
points corresponding to the volume occupied by the liquid, and 
by its vapour under the same pressure. The curve joining these 
points is tangential to the isothermal corresponding to the critical 
temperature, since at this temperature the volumes of the liquid and 
of the vapour under the same press^cre are identical. According to 
Cailletet and Mathias, the points representing the mean of the 
densities of the liquid and of the vapour should lie on a straight 
line which should also pass through the point corresponding to 
the critical voluma When D^ is the density of the liquid, and 
D^ the density of the vapour at temperature T, 

^Di + D,,) = a + ftT. 
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The method thus involves the determinatioD of the volumes 
of the saturated vapour and of the liquid, at temperatuFes as 
close aa possible to the eritioal point The values are plotted in 
curves, and the curves are continued by hand ; the portion 
of the curve remaining undetermined is shown in the 
figure by a dotted line. The bisecting line, which is 
practically straight, is then drawn, and the critical 
volume is read off on the curve. 

In order to determine the volumes of the saturated 
vapour a known quantity of the gas contained in the 
compression-tube was allowed to evaporate very slowly at 
constant temperature. When the liquid had completely 
evaporated the volume of the vapour was observed. 

To determine the volumes of the liquid a hydrostatic 
method was employed. An 0-tube (Fig. 116), about 50 
cm. long, and 1'5 mm. internal diameter, graduated in 
millimetres, was sealed to the capillary portion of a 
compression -tube. The lower portion of the O-tube 
contained mercury, the upper part and the rest of the 
apparatus gas. 

The O-tube was first slightly cooled so that a few 

drops of liquid condensed in each limb "in order to 

eliminate the surface-tension efiect ; the cooling of one 

limb was stopped, while the condensation was allowed to 

proceed in the other. The whole apparatus was niain- 

FiQ. lie. t^ii)^ 'it constant temperature during each set of 

readings. 

Where d, d', and d" are the densities of the liquid, mercury, 

and vapour, and h and h' are the differences in the heights of 

the mercury and of the liquid columns, 

M=h'rf'+{ft-/i')(r- 

The method of Cailletet and Mathias and the principles 
which it involves have been thoroughly studied by S. Young 
{Chem. Soc. Jour., 1897, 446), in the case of the. pentane. The 
following points were investigated :— 

1. Whether the law of Cailletet and Klathias holds up to the 
critical temperatures. 

2. Whether at the critical point the densities of liquid and 
vapour do really become equal. 
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3. Whether the point at which this takes place corresponds 
to the apparent critical temperature. 

4. Whether the apparent critical temperature depends upon 
the conditions — rising or falling temperature. 

He found that the bisecting line was not quite rectilinear, and 
that in order to calculate the mean values of the densities it was 
necessary to employ a formula of the type {Chem, Soc, Jour,, 
1900, 1140), 

Dt = a + 6< + d2. 

The densities of liquid and vapour appeared to be equal at the 
critical point. 

With regard to the real critical temperature, it was found 
that when the sealed-tube method was employed, the formation of 
mist and strisB was not confined to the critical temperature, but to 
a limited range of temperature about 0'2° C. on either side of it. 
When, however, the measurement was made with the pressure 
apparatus so arranged that the volume could be adjusted, it was 
possible to determine the critical point to within 00 5° C, the 
result agreeing within this limit with that obtained from the 
volume curve. In neither case did a rising or falling tempera- 
ture produce a different result 

A method for the determination of the specific volumes of 
liquids and of their saturated vapours has been described by S. 
Young {Chem, Soc, Jour,, 1891, 69, 37), and has been employed 
by him in the case of organic substances, which are liquids at the 
ordinary temperatures. 

The liquid is introduced into a graduated capillaiy tube, 
which is subsequently sealed ; all the air is removed by boil- 
ing the liquid in vacuo. It is necessary to determine the 
volume of the sealed end of the tube at the close of the 
experiments. 

Suppose that the liquid is contained in a tube in contact with 
its vapour only, and the temperature is raised. The apparent 
expansion is less than the real expansion for the reason that 
some of the liquid is vaporised. 

If now the upper portion of the tube be kept at constant 
temperature T°, and the lower portion at a somewhat lower tem- 
perature ff", so that the length of the column of vapour heated to 
the higher temperature may be varied, we can obtain data which 
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should be sufficient to enable us to calculate the volumes of the 
liquid and of the vapour. 

Let Vt be the true volume of the liquid at T°, and r the ratio 
of the volumes of the saturated vapour to that of the liquid at 
the same temperature. 

If in the first experiment the whole tube is heated to T', 
and if V'^ is the apparent volume of the liquid, and V^ that of 
the saturated vapour, 

(i) V, = V>Xr. 

T 

In the second experiment let the lower part of the tube con- 
taining V^ volumes of liquid be cooled to 0°. Let V^ be the 
difference between Y^ and the volume of the liquid when the 
apparatus is heated to ^°, and V^ the observed expansion. 

Then since V^ volumes of liquid at 6^ fill V^ + Vg volumes at 

T°, the total volume of the liquid would, under the same con- 

y 
ditions, occupy ^ (V^ + V^) volumes. At the same time the 

' A 

expansion has caused some of the saturated vapour to condense ; 
this will be ,-7- . ~. 

The true volume of the liquid will thus be 

(ii) V, = l»(V, + VJ-^».I--; 

two seta of values for V^, Vg, and V, must be obtained. 
From i. and ii. we have, 

„ _v»(v,(v, + v.HV.v;) 

and for the ratio of the volumes 

r- V» 
V,-VV 

If St and S^ are the volumes of one gram of liquid at T° and 

At e\ 

Sv T X S^ 
It is, of course, impossible to maintain the conditions so that 
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consecutive portions of the tube are heated to different tempera- 
tures ; there must always be an intermediate portion, one extremity 
of which is at the higher, and the other at the lower temperature. 
If this length remains constant during both series of readings in 
the second experiment, the results are not aflfected so long as a 
cylindrical tube is employed. 



CHAPTER XVIII 

SOLUBILITY OF GASES IN LIQUIDS 

Historical — Solubility and absorption coefficients — Chemical and physical methods 
of investigation — Winckler's experiments and results — Estreicher's method. 

Solubility of Gases in Liquids. — All known liquids, with the ex- 
ception of mercury, appear to dissolve gases to a greater or less 
extent. In some cases, however, the quantity absorbed is very 
small, heavy petroleum oil dissolving only a trace of atmospheric 
air. 

In 1803 Henry discovered the law of absorption of gases, 
showing that the quantity of gas dissolved by a liquid increased 
directly as the pressure. In 1807 Dal ton developed the law 
further, proving that the quantity of gas dissolved by a liquid 
from a mixture depended upon the partial pressure of that 
particular gas. 

In 1855 Bunsen carefully investigated these laws, and found 
them to hold good in the case of inactive gases over considerable 
ranges. Like the gas laws, however, they must only be considered 
as approximating to the truth. Bunsen defined the " coefficient 
of absorption " of a gas as the volume of it, reduced to standard 
conditions, which at any temperature, and under normal pressure, 
dissolved in unit volume of liquid. By means of an interpola- 
tion formula with three coefficients, a = a + bt + ct^, it was in most 
cases possible to calculate the absorption coefficient within a 
range of 20°. 

Eecent researches have shown that little reliance can be placed 
upon Bunsen's results. 

Winckler {Ber., 22, 1773) draws the following distinction 
between the terms coefficient of absorption and solubility : — 

That volume of a gas (reduced to 0° and 760 mm.) which 
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unit volume of a liquid dissolves when the total pressure at the 
surface of the liquid is 760 mm. is termed the solubility, S; 
that volume which unit volume of a liquid will take up when the 
pressure of the gas at the surface of the liquid, independent of 
the vapour pressure, ^, of the liquid, is 760 mm., is termed the 
coefficient of absorption, C. 

The temperature is taken to be 0° C. in both cases. 

760 

The value of 'p may differ from the true vapour pressure of 
the gas in contact with a vacuous space on account of the 
presence of the gas in the liquid, or for other reasons. The 
solubility or absorption coefficient is not a direct function of the 
concentration of the gas in the liquid, since contraction takes 
place on solution. 

In certain cases, in which chemical combination takes place 
between the gas and the solvent, the laws of Henry and Dalton 
are not rigidly followed. The quantity of carbon dioxide which 
water will dissolve does not increase in proportion to the pressure. 
When, however, carbon bisulphide is used as the solvent the laws are 
obeyed within the limits of experimental error, and the solubility 
of the gas decreases with rise of temperature (Woukoloff*, C, ?\, 
1889, 674). 

The relationship between solubility and temperature and the 
deviations from Henry's law form part of the gieat problem 
involved in the study of mixed liquids. The curves representing 
the change of solubility with temperature, for gases under con- 
stant pressure, appear to indicate that for each gas there exists a 
point of minimum solubility, and that the temperature corre- 
sponding to this point is in some way related to the critical point 
for the gas. 

The problem has been attacked by Van derWaals,Kammerlingh 
Onnes, Kuenen, and others, and the composition of the liquid and 
vapour phase, the form of the isothermals, pressure, etc., for several 
pairs of substances, such as ethylene and carbon dioxide, have been 
investigated over wide ranges of temperature. Dissimilar sub- 
stances, such as the permanent gases and water, have not yet 
been examined ; it would be interesting to know more about 
these phenomena (see p. 225). 
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The following diagram shows the form of the solubility curve 
for the commoner gases. In the case of helium (Estreicher), 



0*060 




Temperature 
Fig. 117. 



and also of hydrogen (Bohr and Bock), the solubility of the gas 
first decreases with fall of temperature and then increases. 

Bohr {Wied, Ann,, 1897, 62, 644) has shown that the 
relation between the absorption coefficient and the temperatures 
can be expressed by the equation, 

 T 

C- = K, 

n 



where C is the absorption coefficient, T the absolute temperature, 
and n and K are constants dependent on the nature of the gas 
and liquid. The formula is based upon the theory that the 
pressure of the gas at the surface of the liquid should be 
in equilibrium with the osmotic pressure of the gas in solution ; 
the latter would remain constant if the quantity of dissolved 
gas varied inversely with the absolute temperature. The 
following results indicate the order of the agreement between 
experimental results and those re-calculated by means of the 
formula : — 
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Oxygen (Bohr and Bock, p. 261). 


Temp. 


Found. 


Calculated. 


0'' 


0-0496 


0-0493 


10 


390 


386 


20 


.317 


317 


30 


268 


269 


40 


233 


234 



Winckler (ZeiL Phys, Chem,, 9, 171) has pointed out that the 
percentage change in the value of the absorption coefficient 
between 0^ + 20° C. is proportional to the cube root of the 
molecular weight of the gas. This has obviously no direct 
physical significance. 

From the practical standpoint the determination of the 
solubility of a gas in a liquid presents considerable difficulties. 
In the first place the temperature of the whole apparatus must 
be kept constant during the whole experiment, and unless the 
apparatus can be shaken the time required to establish complete 
equilibrium between the solution and the gas is considerable. 
Further, both the gas and the liquid must be absolutely pure, 
and the volumes and pressures must be accurately measured. 

Methods for the determination of the solubility of gases fall 
under two headings : chemical methods, in which the quantity 
of a gas dissolved in a liquid under definite conditions of 
temperature and pressure is estimated by some chemical process, 
usually by titration with a standard solution; and physical 
methods, in which the volume of the dissolved gas is accurately 
measured. 

In only a limited number of cases can chemical methods be 
employed ; and as special methods must be applied in every case, 
the subject cannot be treated generally. In some cases the results 
obtained by chemical methods serve as a valuable check on the 
results obtained by physical methods ; this is particularly im- 
portant when, as in the case of oxygen, the results obtained by 
difl'erent experimenters differ considerably. 

Winckler (Ber,y 22, l76fi) determined the oxygen dissolved 
in pure water saturated under known conditions of temperature 
and pressure, by treating the solution with manganous chloride 
and caustic soda in order to absorb the oxygen, and subsequently 
titrating the iodine, set free on addition of potassium iodide and 
hydrochloric acid, by sodium thiosulphate. The values obtained 
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hy thi3 method agreed with those obtained by the volumetric 
method. 

Chemiol metliod. Phy{li.-iil method. 

WiockUr. Winokler. Bunsen. 

Absorption coefficient 0° ... -04890 04114 

„ „ 20° -03103 -03102 -02838 

„ „ 30° -02616 -02608 



This indicates that Winckler'a results are most probably correct. 

Since 1891 Winckler has pub- 

/C- — :--^ lished the results of his investigations 

with regard to the solubilities of the 
commoner gases in water. As has 
already been pointed out, the check 
afforded by close agreement between 
the results obtained for oxygen hy 
chemical and hy physical methods 
point to the accuracy of his work. 

The glass vessel a was filled with 
distilled water, and the water was 
made to boil until about one-fifth has 
evaporated. While the steam was 
still issuing from the lower end, the 
tube was plugged by means of a rubber 
stopper and the apparatus was cooled 
and weighed in order to determine 
the weight of the water. 

The bulb was placed in a lai^e 
water thermostat so that only the lower 
end of the tube projected at the bottom. 
A second bulb b was also placed in 
the therraostat so that the vertical 
stems lay close to one another ; the 
second vessel contained only a smaU 
quantity of water and was iutended 
to serve as a barometer. The volumes 
of both vessels had been determined, 
J and the vertical stems were graduated 
in millimetres. 
The stoppers which closed the lower ends of the vertical tiibes 

were removed below the surface of mercurj- in a basin, and it was 
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possible to determine whether the air had been completely 
removed by comparing the heights of the columns of mercury in 
the two tubes. It may be pointed out that the weak point of 
the method lies in the difficulty of completely replacing the 
whole of the air in the bulbs by steam, and subsequently of 
determining the pressure of a trace of air by reading the baro- 
metric height. 

Definite quantities of gas were then introduced into the 
absorption -bulb and pressure-gauge from a calibrated syphon 
pipette. The presence of gas in the barometer served to eliminate 
errors due to the change of vapour pressure of the liquid in 
presence of the gas ; the quantities of gas introduced were such 
that the pressure was the same in both vessels. 

The lower ends of the two vertical tubes were then connected 
by rubber tubes to two mercury reservoirs ; the pressure on the 
gas was raised to somewhat over atmospheric pressure, and the 
apparatus was allowed to stand at constant temperature for some 
hours in order to establish equilibrium between the liquid and 
the gas. The measurements of pressure and volume were then 
taken. 

The actual method of measurement was as follows : The 
pressure on the gas in vessel b was adjusted so that, whatever 
might be the temperature, it was practically the same in each 
experiment. From the observed volume and pressure, and from 
the volume of the dry gas originally introduced, it was possible 
to calculate directly the vapour pressure of the solvent. A small 
correction was applied for the absorption of gas by the water 
contained in the bulb. The pressure and volume of the gas in 
the absorption tube was measured at the same time. The 
pressure on the gas in the latter was corrected for the presence 
of water vapour, on the assumption that the deviation from the 
pressure of the vapour in a vacuous space is proportional to the 
pressure of gas. This assumption appears to be justifiable, since 
the deviation and range of pressure are both small. At tempera- 
tures above 50° the deviation amounted to a few millimetres, 
and consequently, if it were not corrected for, it would produce 
a considerable error in the calculation of the absorption co- 
efiQcient. 

The following results were obtained : — 

Oxygen (^^r., 1891, 3609). 
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The coefficients are stated for every degree between 0"^ and 
100° ; only alternate values between 0° and 34'' are given here. 



0''C. 


004890 


18*' C. 


0-03220 


2 


4633 


20 


3102 


4 


4397 


22 


2988 


6 


4181 


24 


2881 


8 


3983 


26 


2783 


10 


3802 


28 


2691 


12 


3637 


30 


2608 


14 


3486 


32 


2537 


16 


3347 


34 


2471 



Nitrogen {Ber., 1891, 3606). 

The values are also given between 0° and 100' 



0* c. 


(►•02348 1 


18*' 


a 


0-01694 


2 


2236 ' 


20 




1642 


4 


2130 


22 




1496 


6 


2032 


24 




1452 


8 


1941 , 


26 




1411 


10 


1867 * 


28 




1374 


12 


1782 


30 




1340 


14 


1714 


32 




1304 


16 


1651 


34 




1270 


hydrogen 


{Ber., 1891, 99). 








O^'C. 


002148 


18^ 


c. 


0-01844 


2 


2106 


20 




1819 


4 


2064 


22 




1792 


6 


2026 


24 




1766 


8 


1989 


26 




1744 


10 


1955 


28 




1720 


12 


1926 


30 




1699 


14 


1897 


32 




1685 


16 


1869 


34 




1672 



Carbon monoxide {Zeit Fhys. Chem,, 9, 173), 
Measurements are given between 0"^ and 60^ 



0** a 


0-03537 


20^0. 


0-02319 


5 


3149 


25 


2141 


10 


2816 


30 


1998 


15 


2543 







Bohr and Bock (WiecL Ann., 1891, 44, 316) h^tve also 
determined the co-etficients for the commoner gases by a method 
similar to that employed by Winckler; the results differ some- 
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what from those already stated. They obtained the following 
values for the absorption coefficient, which are stated in the 
original paper for every degree between 0° and 100° C. : — 
Oxygen. 



0° c. 


0-04961 


16° C. 


003425 


2 


4720 


18 


3292 


4 


4496 


20 


3171 


6 


4286 


22 


3059 


8 


. 4089 


24 


2954 


10 


390.3 


26 


2855 


12 


3732 


28 


2762 


14 


3573 


30 


2676 


Hydrogen. 




• 




0°C. 


00203 


40" a 


00152 


4 


198 


60 


146 


8 


192 


60 


144 


12 


187 


70 


146 


.16 


182 


80 


149 


20 


177 


90 


155 


30 


J63 


100 


166 



Estreicher {Zeit, Phys. Chem,, 1899, 31, 176) has described a 
simple apparatus for the determination of solubilities of gases in 
liquids. The liquid partially fills a globe of known capacity 
which is exhausted and weighed. The globe is sealed to a spiral 
tube of capillary dimensions, which connects it with a burette 
containing the gas so that the globe can be shaken. After 
exhausting the connecting-tube, the gas is admitted to the globe, 
and the absorption is determined by measuring the decrease in the 
volume of the gas and from the known capacities of the globe 
and connecting-tubes. The whole apparatus is contained in an 
Ostwald thermostat. He determined the solubilities of argon 
and helium by means of it. 
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CHAPTER XIX 



SPECIFIC HEATS 



General principles — Experiments of Delaroche and Berard — Experiments and re- 
sults of Regnanlt and E. Wiedemann — Witkowski's investigation of the specific 
heats of gases at low temperatures — The specific heats of gases at constant 
volume — Joly's experiments — The ratio of the specific heats. 

The specific heat of a substance is defined as the quantity of 
heat required to raise the temperature of unit mass of it one 
degree. In the case of gases, however, this quantity varies 
according as the heating takes place at constant pressure, or at 
constant volume. 

The determination of the specific heat of a gas at constant 
pressure is theoretically simple. The gas, heated to a definite 
temperature, is passed in a continuous stream through a spiral 
tube immersed in the water of a calorimeter. The specific heat 
is calculated froija the mass of the gas, from the thermal capacity 
of the calorimeter, and from the rise of temperature during the 
experiment, or in some cases by regulating the conditions until 
the heat supplied to the calorimeter by the gas exactly com- 
pensates for the heat lost by radiation and conduction. The 
latter method possesses the advantage that, since the fall of tem- 
perature in the gas does not vary throughout the experiment, 
variations of its specific heat with temperatures need not be 
taken into consideration. 

So far no successful attempt has been made to determine the 
specific heat of gases by measuring the rise of temperature pro- 
duced when heat is supplied to them. A method similar to 
that employed by Callendar {Brit, Assoc, 1899) in determining 
the specific heat of water, might be applied to gases with a view 
to determining the specific heat with very small quantities. It 
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might be possible to circulate the gas through the apparatus by 
means of the arraugement described on p. 101, and to measure 
the rate of flow of the gas by passing it through a tube con- 
taining water maintained at a constant temperature, and then 
through weighed tubes containing an absorbent for water. The 
vapour pressure of the water, the pressure on the gas, and the 
increase of weight in the tubes, would give the rate of flow of 
the gas. 

The first attempts to determine the specific heats of gases by 
Laplace and Lavoisier, Daltou, Gay-Lussac, and others were, for the 
most part, indirect, and based upon theoretical notions with regard 
to the gaseous state. In 1813 DMaroche and B^rard determined 
the thermal capacities of a number of gases by passing a current 
of the gas, heated to a known temperature, through a coil im- 
mersed in a calorimeter. 

The gas was contained in a bladder (Fig. 119), which was 
attached to a tube leading to the heating ap- 
paratus and coil. The bladder was enclosed in 
a glass vessel, which was connected with a 
small gasholder, so that air could be forced 
between the bladder and the walls of the 
vessel, increasing the pressure on the gas con- 
tained in the bladder. The gas from the 
bladder passed through a tube surrounded with 
steam, then through a glass tube containing a 
thermometer, through the coil immersed in the 
calorimeter, and was received in a second bladder similar to the 
first. By an arrangement of taps and tubes the gas could be 
made to pass from the second bladder to the first, following 
the same course through the heating apparatus and calorimeter. 

The specific heat of the gas, with regard to air in one set of 
experiments, was calculated from the temperature at which the 
heat supplied by the gas and by conduction became equal to the 
heat lost by radiation. 

In a second set of experiments the calorimeter was cooled to 
2° below the temperature of its surroundings, and a current of 
gas was passed through the coil till the temperature had risen 4^*. 
The weight of any gas required to produce this effect bore the 
same relationship to the weight of air required to produce the 
same rise of temperature, as the specific heat of the gas to the 
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Specific heat of air.^ The absolute specific heat of air was also 
detenniiied. 

The experiments were conducted with the greatest care, but 
probably, owing to the difficulty of determining with accuracy 
the quantity of gas employed, the resulta are of little value. The 
result abtained for the specific heat of air between SO"" and 100^ 
is more than 10 per cent higher than that obtained by Eegnault. 
Further, this result indicated that the specific heat of air increased 
rapidly with rise of temperature, and that although it increased 
with rise of density, it did not do so in like proportions. Both 
these conclusions were shown by Eegnault to be false. 

The results obtained by Eegnault for the specific heats of air 
and the commoner gases are probably the most accurate that 
have yet been published. His researches, carried out in the early 
forties, are described in volume xxi. of the Mimoires de VAcad&raie ; 
the principal results are stated in a paper in the Coniptes rendus 
(1853,36, 676). 

The gas to be examined was compressed into a stout copper 
vessel holding 30 litres ; the temperature of the vessel was main- 
tained at 0°, and the volume of gas was deduced from the initial 
and final pressures, which ranged from 9 to 3 metres of mer- 
cury. The gas escaping from the reservoir through a valve, 
regulated by means of a micrometer screw a, entered a platinum 
spiral h 8 cm. in diameter, and 10 metres long, maintained at 
a constant and definite temperature. In order to maintain a 
constant current of gas, a mercury or water manometer c was 
interposed between the valve and the coil ; the pressure in the 
manometer was kept constant during each experiment. 

The end of the long platinum coil, which was usually heated 
in an oil -bath, passed out through the side of the jacket on 
which it was enclosed and entered the side of the calorimeter. 
The connection was made by means of a piece of glass tube 
imbedded in cork, in order to reduce to a minimum the quantity 
of heat entering the calorimeter by conduction. The calorimeter d 
consisted of four flat brass lx)xes placed one above the other, and 
divided internally. by spiral strips, so that the gas was compelled 
to pass from the middle of one box to the outside of the next, 
and vice versa. 

Separate experiments were performed to determine whether 
the temperatures at which the gas left the spiral and the calori- 
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meter differed appi-eciably I'roni tbe temperatures of the spiral 
and calorimeteTB themselves. 

In order to determine the specific heats of gases under pres- 
sure, the gas which escaped fi-ora the calorimeter passed into 



a tube connected with a manometer and valve by which the 
pressure might be regulated. 

In calculating the result, the volume of gas was obtained 
from the initial and final pressures in the reservoir, taking into 
consideration the deviations from Boyle's law as already deter- 
mined (p. 162). The mass of the gas was obtained by dividing 
the volume by the density determined experimentally (p. 125). 
The errors in Regnault's density determinations only amount to 
one part in four thousand, and do not appreciably affect the 
final result. 
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When the gas was not passing through the calorimeter^ the 
latter continued to gain heat from three sources : — 

(i) By convection; this was practically proportional to the 
(T — 6), the difTerence of temperature between the calorimeter 
and the coil. 

(ii) By radiation. 

(iii) By conduction. 

(ii and iii) have practically a constant value, which may be 
represented by a rise of temperature of A;° in unit time. 

The rise of temperature in the calorimeter was observed for 
ten minutes before the gas was admitted. Expressing the rise 
of temperature per minute by A6. 

(1) Ae = A(T„-eo) + A;, 

where A is a constant. 

The gas was then admitted to the apparatus, and readings of 
the temperature of the calorimeter and of the heating-bath were 
taken at the end of each minute. When the current of gas was 
stopped the change of temperature of the calorimeter was again 
observed for ten consecutive minutes. 

(2) ABj = A(Ti - Oi) + h 

The values of A and k can be determined from those two equa- 
tions, and applied to the calculation of the total disturbance during 
the equation. 

AG + AB' + etc = A(T + T' + . . . T" - e - 8' - . . . 0») + nA; « ar. 

This value must be subtracted from the total rise of temperature 
in the calorimeter, in order to calculate the heat conveyed to it 
by the gas alone. If T is the temperature of the coil, since the 
temperature of the calorimeter rises steadily from B to 8*, the 
heat lost by the gas is expressed by 



wo,[t-!2±«2]. 



and the heat gained by the calorimeter 

C(8« - B - .f ), 

where W is the mass of the gas and C^ its specific heat, and C is 
the thermal capacity of the calorimeter. 
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The following results were obtained for the commoner gases- 



Nitrous oxide . 


. 0-2238 


Nitric oxide 


. 0-2315 


Carbon monoxide 


. 0-2479 


Ammonia 


. 0-5080 



Oxygen . . . 0*2182 

Nitrogen (atmospheric) 0*2440 

Hydrogen . 3*4046 

Carbon dioxide . :'^* . 0*2164 



The probable accuracy of Regnault's results are indicated by 
the exactitude of the results of his investigation of the effect of 
temperature and pressure on the specific heat. 

In the case of air the specific heat was found to be constant 



Temperature. 

- 30' to + 10' 
-f 10' „ 100' 
+ 100' „ 225' 



Specific 'Heat of Air. 

0*2377 
0-2379 
0-2376 



In the case of carbon dioxide the specific heat varied with the 
temperature. 

Specific Heat of Carbon 
Dioxide. 



Temperature. 



- 30' to + 10' 
+ 10' „ +210* 



0-18427 
0-21692 



The results obtained for the thermal capacities of air over wide 
ranges of pressure are equally accurate. 

E Wiedemann {Pogg. Ann,, 1876, 167, 1) has also deter- 
mined the specific heats of a number of gases chiefly with a view 
to investigating the relationship between specific heat and 
temperature. The results agree fairly closely with those obtained 
by Begnault, but there is no reason for assuming that they are 
more accurate ; the dififerences occurring in individual sets of 
experiments appear to be of the same order. 



Specific Heat op Air 





Highest. 


Lowest. 


Mean. 


Regnault . 


0-2389 


0-2354 


0-2374 


Wiedemann 


0-2414 


0-2374 


0-2389 



The gas was heated in passing through a copper cylinder 
filled with copper turnings and enclosed in an oil - bath ; the 
calorimet#r consisted of three small cylinders connected in series 
and contained in a vessel filled with water. The quantity of 
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water in the calorimeter was only one -tenth of the quantity 
employed by Eegnault. 

The gks was contained in a rubbisr 'balloon holding 20 
litres, which was enclosed ip. a large glass jar after the manner 
of Dfelaroche and B(5rard. The jar was connected with a 
gasholder standing on a weigh - bridge capable of indicating a 
difference of 5 grams. Tlie whole arrangement is decidedly 
weak, but although errors might have been introduced througli 
inaccurate determinations of volume, and diffusion of getses like 
ammonia and carbon compounds through the rubber, the total 
discrepancy cannot in all cases be accounted for in this way. 
Further, if the gas diffused through the rubber the result would 
be too low ; in the case of carbon dioxide and air the reverse is 
found to be the case. 

The character of the difference varies in the case of different 
gases, as will be seen in the following table : — 





Air. ' 

1 


Hydrogen. 


Carbon Dioxide. 


 

Carbon Monoxide. 


Regnault 


0-2375 


3-410 


2024 (10° -100") 


0-2479 

1 


Wiedemann , 


-2389 


8-405 


0-2088 (15*^-93") 


0-24-26 


A . . . 


+ 0-0014 


-0-005 


+ 0-0064 


-0-0053 


A p€r oeiU 


+ 0-6 


-0-153 


+ 8-0 


-20 



The irregularity of the differences would preclude the 
possibility of the errors being due to inaccuracies in the deter- 
mination of the thermal capacity of the calorimeter. 

In the case of air and hydrogen, gases in which the specific 
heat does not vary with temperature, the differences are small. 
The discrepancies in the case of carbon monoxide and dioxide 
are, however, considerable, and it is possible that the error may 
be due to the fact that the methods of calculation which were 
employed did not express with sufficient accuracy the loss of 
heat sustained by the gas in raising the temperature of the 
calorimeter. 

Wiedemann attributes tlie difference in the case of air to 
inaccurate determinations of temperature on the part of -Eegnault. 
In the face of the close agreement between the results obtained 
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for the specific heat of air at different temperatures by the latter 
this is hardly possible. It is probable that Eegnaiilt's result for 
the specific heat of air is the more accurate. 

The recent determination of the specific heat of air at 
constant pressure by Witkowski {Phil, Mag,, 1896, 42, 1) tend 
to confirm the results obtained by Eegnault. His method 
differed . little from that of the latter, but his experiments were 
conducted over a range of temperature between +98° and 
— 170° C. ; liquid oxygen and ethylene were used as refrigerants. 
The air was compressed into small metal cylinders which were 
weighed before and after each operation ; as much as 40 grams 
of air was used in some of the experiments. This method elimi- 
nates the error involved in correcting for the compressibility of 
the gas and for the expansion of the vessel in which it is inclosed. 

In order to determine the temperature of the gas at the 
point at which it entered the calorimeter a thermo-electric 
junction was employed. The wire was surrounded by a metal 
tube in contact with the gas, and through which a current of air 
from an independent source was circulated. The temperature of 
the calorimeter was determined by means of a mercury thermo- 
meter, and the temperature of the heating or cooling chamber 
containing the coil by means of a hydrogen thermometer. 

In making an observation the temperatures of the. calorimeter 
and of the coil were determined during each minute of the 
experiment. After ten minutes from the commencement, the 
cock of the cylinder containing the air was opened, and the air 
was allowed to flow at a constant rate through the apparatus ; its 
temperature was determined at the end of each minute. When 
the cylinder was empty the cock was closed, and readings of the 
temperature of the calorimeter and of the coil were again taken 
during the succeeding ten minutes. 

With the aid of the determinations of the temperatures of 
the coil and of the calorimeter a curve yvas drawn showing the 
variations of the temperature of the latter. The curve consists 
of three nearly linear portions \ the mean slope of the first and 
last portions, representing the heating or cooling effect while the 
air was not passing, was taken as indicating the external 
heating or cooling effect during the principal period of the 
experiment. 

The results obtained at atmospheric pressure are as follows:-^ 
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Between + 98" and + 20** 


0-2372 


- 77' „ +ir 


0-2374 


-102' „ +17° 


0-2372 


-170' „ +18' 


0-2427 


Regnault obtained the value 


0-2374 



Whether the increase of the specitic heat at — 170" is due 
to change of temperature alone remains undetermined. It is 
probable that it may in some degree be due to variations in 
the pressure, which should have a considerable influence at low 
temperatures. 

It still remains to determine the specific heats of gases like 
carbon dioxide, which vary considerably over small ranges of 
temperature. It is obvious that the method employed should be 
one in which a current of the gas is heated or cooled through a 
definite range of temperature, in order to eliminate errors which 
may be introduced through the gradual increase of temperature 
of the calorimeter, and which cannot be corrected for with 
certainty. 

The Specific Heat at Constant Volume. — The specific Jieats 
of gases at constant volume have been experimentally determined 
by Joly {PhU, Tram,, 1891, 73; 1894, 943, 961). Joly's 
method involved the use of the steam calorimeter in which the 
heat capacity of a substance is determined in terms of the latent 
heat of steam, by measuring the amount of water condensed on 
its surface. 

Two globes, spun from one piece of gun-metal and closed by 
means of screw-down cocks, were suspended inside a steam- 
chamber by wires connected with the pans of a balance. The 
steam-chamber was jacketed so that the initial temperature of 
the globes could be accurately controlled. Each globe was 
provided with a catch - water or inverted cone of platinum 
suspended below it to receive the water produced by condensa- 
tion of the steam. The suspending wires were surrounded, at 
the points at which they passed outside the steam-chamber, by 
coils of platinum wire heated by means of an electric current. 

The masses and dimensions of the globes were first so 
adjusted that when steam was admitted to the chamber the same 
quantity of water w«w condensed upon each of them, indicating 
that the total heat gained was the same in each case, and 
that errors due to radiation and conduction were eliminated. 
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One of the globes was then filled with gas under known con- 
ditions of temperature and pressure, and both were replaced in 
the chamber and balanced one against the other. Steam was 
then admitted, and weights were placed on one of the pans of the 
balance to compensate for the excess of water condensed on the 
globe containing the gas. 

If 6^ and 6^ are the initial and final temperatures of the 
globe, L the latent heat of steam, and W is the weight of water 
condensed in raising the temperature of g grams of the <yas from 
6^ to dg, and C the specific heat of the gas, 

supposing that no change takes place in the volume of the globes. 
It was, however, found necessary to apply corrections for the slight 
difference in the thermal capacities of the globes; for their 
thermal expansion and dilation under pressure; and for the 
change of buoyancy produced by expansion. The slight errors 
due to the thermal effect produced by expansion and to leakage 
could be neglected. 

The Ratio of the Specific Heats. — Within the limits of 
Boyle's law the ratio of the specific heats at constant pressure 
and at constant volume should have a definite value for each c^as.* 

The ratio of the specific heats was first determined by 
Clement and Dcsormes in 1819 in the following manner. A 
globe fitted with a large stopcock W6w in communication with a 
water manometer and an air - pump. The globe was exhausted 
so that the water rose a few centimetres in the manometer, the 
air-pump was disconnected, and the tap was opened for a moment 
and closed again. When the tap was opened air entered, and 
the air already in the globe was compi-essed, with consequent rise 
of temperature. 

If B is the barometric pressure and (B —p^ the initial pres- 
sure in the globe, on opening the stopcock V^ volumes of gas are 
compressed to V^ volumes where 

(1) (B-i>i)V,* = BV/, 
the process being adiabatic (p. 185). 

On cooling the pressure becomes (B— j^^), and since the 
volume of the gas in the globe is scarcely altered by the change 
in the position of the liquid in the manometer, 

(2) (B-1?2)V2 = (B-;,,)V,. 
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Combining equations (1) and (2), 

^^ logB^log(B-y,) 



For small differences of pressure, 

Pi 

The originators of the method obtained the number 1"354 
for air; the true value for the ratio is probably 1*405, the value for 
the constant obtained by Eontgen by this method (Pogg. Ann,, 
1873, 206). 

The diflBculty of obtaining good results by this method lies 
in the fact that, on account of the great difference between the 
thermal capacities of the gas and of the walls of the glass globe, 
the outer layers become cooled immediately, and the value of p 
is always low. It has, however, been applied in a modified form 
by Eontgen to the determination of the ratio for air. 

Although the method of Kundt and Warburg for determining 
the ratio of specific heats from the velocity of sound in the gas 
gives excellent results, it is based upon the supposition that the 
velocity of sound is a direct function of the ratio of the specific 
heats. This is highly probable ; but as important theoretical 
conclusions are based upon the value of the ratio in the case of 
the so-called monatomic gases it will have to be investigated. 

Callendar has employed the platinum resistance thermometer 
to measure the actual temperature of the gas. The platinum 
wire is made very short, and a compensating arrangement is 
introduced to eliminate heating effects in the leads. 

The method of Kundt and Warburg is that usually employed 
in determining the ratio of the specific heats of a gas. 

The velocity of a sound in a gas is expressed by the equa- 
tion 



u 



V in \dvj 



where v is the volume occupied by mass m under a pressure p, 
and k is the ratio of the specific heats. 

Now since within the limits of Boyle's law v J^- is a constant 

V T 

for all gases, and - may be expressed by , where d is the 
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density of the gas under normal pressure, and at the absolute 
temperature T, the relative velocity of sound in two gases is 
given by the equation 

u ^ fd'kT 

h'^V dk'T' 

The relative wave-lengths of sound of the same pitch in 
the two gases may be obtained by substituting In for w in the 
preceding equation 

r " V'^ rfTf '• 

The apparatus employed by Kundt and Warburg is shown in 
Fig. 121. The tube A is about 60 cm. in length, and has an 
internal diameter of about 7 mm. The rod B passes through the 
closed end of the outer tube so that it projects for the same 
distance on each side of the junction ; it may be sealed into 
position or fixed by means of a piece of rubber tube. The end 



I 



Fig. 121. 

of the rod which lies inside the tube should be somewhat 
flattened. The rod should be 7 mm. in diameter, and the walls 
of the tube 1*5 mm. thick. 

The tube is made narrow at the open end and is connected 
both to the pump and to the apparatus for introducing the gas. 
The connection is usually made by means of a piece of rubber tube 
which can be closed by a screw clip so as to produce an echo. If it 
is necessary to seal the whole apparatus together the echo may be 
produced by placing a piece of glass rod about 2 cm. long, and 
of nearly the same diameter as the tube, inside the tube ; this 
can be moved about till tlie best result is obtained. 

When the rod is rubbed the longitudinal vibrations set up in 
it are transmitted to the gas, and in order to record the positions 
of the nodes and antinodes, the positions of maximum and 
minimum disturbance, a small quantity of light powder is placed 
ill the tube. The powder gathers in little heaps along the length 
of the tube ; the distance between two consecutive heaps is one- 
half wave-length. 

Lycopodium powder may be used for inactive gases ; it must 

T 
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be previously dried in a desiccator and the tube must be very 
thoroughly cleaned and dried before it can be introduced. For 
chemically active gases precipitated quartz may be used; pre- 
cipitated silica containing a little sodium chloride which had been 
fritted in the blowpipe ilame and subsequently ground in an agate 
mortar was found to give better results. 

After introducing the gas and closing the rubber tube, the 
tube is tapped with a knife so that the powder lies in a line 
along the bottom. The tube is then turned slightly on one side 
and held firmly, while a piece of cotton wool, dipped in alcohol 
and squeezed dry, is drawn firmly along the rod. The operation 
is repeated until a satisfactory series of readings can be obtained. 

The value of \ is usually obtained by reading off the 
positions of the three extreme heaps of powder at each end of 
the tube and counting off the intermediate ones. The readings 
are taken by reference to a silvered glass scale placed below the 
tube. 

In dealing with a gas of the density of air no difficulty is 
experienced, but with light gases such as helium or neon it is not 
easy to obtain good results. In the case of helium, at least six 
tubes were tried before one was found with which readings could 
be obtained. The difficulty lies in the small mass of the gas 
which is incapable of moving the particles of powder. Waves 
appear to be formed, but they are propagated through the glass 
and not through the gas; " glass- waves " may be recognised by 
the spiral appearance of the dust -heaps to which they give 
rise. 

After determining the wave-length of sound in the gas, air is 
introduced, and the experiment is repeated. The two results are 
strictly comparable, as the fundamental note given by the glass 
rod is independent of external conditions. The value of the ratio 
of the specific heats for air has been found by Eontgen to be 
1*405 ; its probable value is 1*408, that obtained from the 
velocity of sound in air, the mean of the best determinations. 

The temperature may be determined by means of a ther- 
mometer placed beside the tube on the glass scale, or the tube 
may be enclosed in a water-jacket. 

If it is intended to determine the absolute velocity of sound 
in the gas from the vibration frequency of the glass rod and the 
wave-lengths, it is necessary to apply a correction for the retard- 
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ation produced by the tube. Kirchofl' {Pogg, Ann,, 1868) gives 
the following formula for the correction, 



"=''0-<i7;;) 



where v is the velocity of sound through a large space, and a is a 
constant, a function of the viscosity and conductivity for heat of 
the gas. 

Webster Low (Wied. Ann., 1894, 682) has verified t1iis 
equation in the case of air. The correction is small, and wo aid 
nearly disappear in determining the velocity of sound in one gas 

by comparison with another. 

C 
The limiting values of the ratio -~, 

For a perfect gas the translational energy of the molecules 
may be expressed by ^ mnu^, where m is the mass of a molecule, 
n the number of molecules in unit volume, and u their mean 
velocity ; and if the temperature be raised through one degree the 
cliange in kinetic energy of the molecules may be expressed by 



mu^ 



2T 

If C^ is the specific heat at constant volume, 

(1) . ^-=(5^^)' 

where E is the energy absorbed in doing internal work. 

By employing the thermodynamic cycle on p. 185, it was 
found that 

(2) \^p — C,, ^ 7p • 

The number of impacts of a molecule moving with mean 
velocity u on the walls of a cubical vessel of unit volume will be 

- per second, and since the impulse is represented by 2 mu, and 

since the total pressure is equal to the product of the two, 

total pressure = mu^ ; 

* 

or since one-third of the molecules may be supposed to move m a 
direction parallel to each axis of symmetry, 
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where p is the pressure on unit area; and if we consider the 
volume of unit mass, 



u2 



P^' = -.3 



Substituting the value of ^^* in equation (2), 



o 



{^) ^1) — C„ — _ ,p 



U^ ?/2 



(■^) ^P — lyp + oqi + E 



From (1) and (4), 



2T 3T 
= g ^ + E. 

5 w2 
C,. 1 w-^ 

For a monatomic gas within the limits of the simple gas- 
equation E = 0, hence 

-^/; = 3 = l-66-. 

For a polyatomic gas the value of E becomes considerable, and 
the value of the ratio approaches 1. For a diatomic gas its value 
should be 1-400. 

These limiting values have been assigned to the ratio within 
the limits of the gas-equation only, and cannot be extended to 
highly compressed gases. Caps tick (Phil. Trans., 1895, 186 a, 
572) and Eamsay, Perman, and Rose-Innes (Phil, Trans., 1897, 
189, 167) have investigated a number of complex substances, 
and the latter have formed values for the ratio in the case of 
either as high as six units. Witkowski (Phil. Mag., 1896, 42, 1) 
and Messrs. Baly and Donnan measured the velocity of sound in 
the commoner gases and found that the value of the ratio suffered 
but little variation over wide ranges of temperature. 

Love (Phil, Mag., July 1899) has pointed to an interesting 
connection between the value of the ratio for the perfect gas and 
the Joule-Thomson effect, the latter expressing the deviation from 
the simple gas law. Taking the value for a perfect diatomic gas 
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to be 1*400, he calculates that under normal conditions its value 
for air should be 1*403 ; this is probably close to its true value. 



Table 





k. 




k. 


Air 


1-4053 (Rontgen) 


Hydrogen 


. 1-414 


» 


1-4053 (Wiilner) 


Nitric oxide 


. 1-404 


»> 


14106 (Kaysir) 


Carbon monoxide 


. 1-411 


f* 


1-41 (Jamin and Richard) 


Carbon dioxide 


1-264 


Oxygen 


1-408 


Methane 


. 1-269 


Nitrogen 


1-414 


Argon, Helium, etc. 


. 1-66 



CHAPTER XX 

EFFUSION, TRANSPIRATION, AND DIFFUSION 

The study of the phenomena which are grouped together in this 
chapter involves a considerable knowledge of mathematical 
physics. A complete account of the more important theoretical 
and experimental investigations connected with them will be 
found in O. E. Meyer's work on the Kinetic Themy of Gases. I 
have only treated the subject superficially. 

The rate of effusion of gases has recently been made the 
subject of an investigation by F. G. Donnan ; the following is a 
short abstract of his memoir (Phil. Mag., 1900). 

It was first observed by Leslie in 1804 that rate of flow of a 
gas through a small aperture was connected with its density. In 
1820 C. G. Schmidt deduced from his experiments the law, 
which was afterwards, in 1846, rediscovered by Graham, that the 
rate of efflux was inversely proportional to the square root of the 
density of the gas. Taking the time required for the passage of 
a certain volume of the gas. 






po 

where p is the density of the gas. 

In 1839 Saint- Venant and Wantzel proved experimentally 
that the efflux was independent of the external pressure ; this 
phenomenon was subsequently rediscovered by Graham, Him, 
Napier (1867), and Wilde (1886). The latter obtained an 
equation expressing the adiabatic efflux of the gas based on the 
assumption that the pressure at the vena contracta is equal to 
the external pressure ; and observed that this equation leads to 
an absurdity when the external pressure is zero. 



CH. XX EFFUSION, TRANSPIRATION, AND DIFFUSION 279 

Graham's experiments showed that when the diameter of the 
hole was sufficiently great with regard to the thickness of the 
septum in which it was pierced, viscosity effects could be 
neglected. That hydrogen did not conform so exactly to the law 
as did the other gases, he attributed to the fact that the viscosity 
eflTect was more marked owing to the lightness of the gas. In 
1857 Bunsen {Gasometrische Methoden) applied the method of 
effusion to the determination of gas densities by measuring the 
time required for a certain volume of gas to escape from a 
cylindrical vessel through a hole in a platinum plate at the top. 
The gas was confined under pressure over water or mercury, and 
the change of volume was determined by means of a float inside 
the cylinder. The method could be applied to the determination 
of the densities of simple gases or of mixtures, for since the 
phenomenon is independent of molecular motion there is no 
separation of gases at the jet. 

The general theory of the adiabatic efHux of a perfect gas has 
more recently been studied by Hugoniot and Osborne Eeynolds 
on the one hand, and by Parenty on the other. In both cases 
the following assumptions are made : — 

(1) That viscosity eflTects are eliminated. 

(2) That the ideal gas laws hold. 

(3) That the efHux is adiabatic. 

(4) That the motion is steady. 

From their results Dr. Donnan has deduced formulae repre- 
senting the relative periods required for the efflux of the same 
volume of two gases in terms of their densities p, and of their 
values of A*, the ratio of the specific heats. 

In the Hugoniot-Reynolds formula 
in the Parenty formula 

In comparing the rates of effusion of a monatomic and of 
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a diatomic gas, such as air and argon, for which the values 
of i are 1*408 and 1*67 respectively, 



Ji = 1.06/^1 
^2 V />2 



(H ugoniot-Rey noldfi), 
'2 V P2 

or, __ 

[l = l-08 ^ /^ (Parentv) : 

h V p.2 

expressions which differ considerably from the simple isothermal 
formula already given. The Hugoniot-Eeynolds formula appeared 
to be the more correct. 

To return to the experimental side of the question. In 
1897 Eanisay and Collie showed that though the rate of 
flow of the commoner gases through a porous plug into a 
vacuum appeared normal, argon and helium gave considerably 
higher velocities ; Donnan continued the investigation to deter.- 
mine whether the irregularities could be accounted for in the 
manner that has already been indicated. 

Method of measurement and description of apparatus. — 
It will be seen that the theory sketched in the foregoing 
section only leads to simple comparison-formulae for the case 
of effusion in which the back-pressure is small in comparison 
with the pressure in the gas-reservoir. The following experi- 
ments were made with an initial pressure in the gas-reservoir 
which was about 700 mm. in one series and about 500 mm. in 
the others, the back-pressure rising from zero to 60 and 47*5 
mm. respectively. The principal condition was, however, that 
the apparatus should be such as to admit of measurements being 
made with small quantities (20-30 c.c.) of the rarer gases. It 
was necessary, therefore, to employ very small apertures in order 
to reduce the unavoidable error in the time-measurement ^ to a 
sufficiently small percentage. There was a limit placed to the thick- 
ness of the partition, seeing that it had to withstand pressures 
approaching that of an atmosphere without collapsing, and so the 
conditions imposed tended rather in the direction of viscosity- 
eflTects. As will be seen in the sequel, such effects made them- 
selves apparent. They could doubtless have been avoided by the 
employment of large quantities of gas and much larger apertures, 
but that was not possible in the present case. The apparatus 

^ The time was measured by a stop-watch marking fifths of a second. 
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employed is shown in Fig. 112 ; a is the gaa-reservoir, the gas 
being introduced through the capillary tubiug b c d hy means of 
llie gaa-syphon e. The pres- 
sure was read off in the 
closed barometer-gauge / by 
means of h mirror-glass scale. 



5 



■^ 



The effusion-plug, or partition 
containing the effusion-aper- 
ture, was placed at or near 
the lower extremity of the 
glass tube g ; h represents a 
ground-glassjointwitliexternal 
mercury seal. During an ex- 
periment, the taps i, j, k, an<l 
/ being closed and m open, the 
gas passed from the reservoir 
a into the vacuous receiver p 
through the narrow aperture 
in the effusion -plug. The 
tube 71 led to a Topler-pump, /' 
which served to evacuate the 
apparatus and to collect the 
gas again at the conclusion of 
an experiment. Both gas- 
reservoir and receiver were 
kept at a constant tempera- 
ture by being immersed in a 
very large beaker of water. "" ^' 

The temperature of the water was maintained uniform and con- 
stant by means of a stirrer with horizontal screw-shaped blades 
driven by a Henrici hot-air motor, and an Ostwald temperature- 
regulator filled with toluene. 

In order to make a measurement with the apparatus, the 
mode of procedure was as follows : — The end q of the bent 
capillary tube was drawn otf to a fine point and sealed. The 
taps i, j, I, and m were opened and the apparatus exhausted. 
These taps were then closed, and the tube containing the gas 
over mercury brought over the sealed point q by raising and 
lowering the mercury -trough. The drawn-out end, which had 
been previously weakened by a file scratch, was now broken by 
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pressing the top of the tube against it, and the gas admitted to 
the reservoir by opening the tap /. On its way thither it was 
filtered through the cotton-wool plug r. The gas was allowed to 
enter until the mercury in the gauge rose to a certain fixed 
scale-division n^. It was easy to adjust this accurately, provided 
the capillary had been drawn out fine enough ; and in any case 
small inaccuracies in this adjustment are absolutely without 
effect on the measurements, as is foreseen from the theory, and as 
will be confirmed later on. The tap I having been closed, the 
effusion was started by opening the tap m and a stop-watch 
set in motion as soon as the mercury meniscus sank to a 
certain scale-division rig a little below n^. A smooth and easy 
motion of the falling mercury meniscus was secured by 
having a small quantity of glycerine in the gauge, i.e. just 
sufficient to lubricate the glass wall but not enough to collect 
over the mercury. The watch was stopped as soon as the 
meniscus reached a third fixed division, n^. Proceeding in this 
way with each of the gases to be compared, it will be seen that 
the times of effusion are measured between exactly the same 
limits of pressure. The pressure in the receiver at the end of 
the effusion was measured roughly by opening i and reading the 
closed U -gauge. In order to make two consecutive measure- 
ments, it was only necessary to open iy pump out the receiver p, 
close i, and readjust the pressure in the reservoir to ^i^ by 
admitting more gas. 

The effusion -plug was made by taking a circular disc of 
platinum-foil (about ^^ mm. thick), backiftg it with a flat piece 
of agate, and piercing it in the centre by gently pressing a very 
fine needle against it. The disks so constructed were then tested 
by sealing them to the end of a glass tube with Chatterton 
cement, and observing the rate of effusion into the exhausted 
vessel of a Topler-pump, by noting the rate of fall of the mercury 
in the vertical capillary. 

A suitable disc having been obtained, it was melted off, 
burnt clean, and soldered with gold to the end of a stout 
platinum tube, which was finally sealed on to the end of the 
glass tube w (Fig. 112). The effusion-aperture employed iu the 
first series of measurements was about -^^ mm. in diameter. 
Preliminary experiments showed that the time of effusion for any 
given gas varied somewhat from day to day and — to a less 
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degree — even during the course of a consecutive series of 
measurements. This source of error was eliminated by comparing 
each gas directly with oxygen, and usually the time of effusion 
for oxygen was measured immediately before and immediately 
after that of the gas in question, and the mean of these two 
values taken. 

It appeared, however, necessary to introduce a correction for 
viscosity which was applied by means of the formula, 

where /i is the viscosity of the gas relative to oxygen, J is a 
constant, and a is a factor dependent on the size of hole. 

Assuming that the time required for the effusion of oxygen 
and hydrogen are proportional to the square roots of their 
densities, as is highly probable, a and b can be calculated. 



rmrt 



Oxygen (observed) . . 676*0 

Hydrogen (observed) . 171*6 

„ (calculated from densities) 169 

676-0 = a\/l6 + 6x 1 
176-6 =a \/l*008 + 6x*4375 
a = 166*5 6=10 

Applying these results to carbon monoxide 

Oxygen (observed) . . 676*6" 

Carbon monoxide (observed) . . 630*0" 

^ = (l66*5xg^+ ^/u) + C875 + 10) 

= 632*3" 
Carbon monoxide (calculated from density) 632*9" 

The results obtained in the case of argon are very interesting ; 
they are tabulated below : — 

Oxygen (observed) . . 673*3" 
• Argon (observed) . . 723*9" 
„ (calculated from densities) . 751*2" 
„ (calculated from densities and cor- 
rected for viscosity . . 751*0" 
„ (calculated from the Hugoniot-Rey- 

nolds formula) . . 715*0" 

„ (calculated from the Parentz formula) 692*0" 



J I 
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These results show that the abnormality in the ease of 
argon can be attributed to the process of the effusion being 
partially adiabatic. It appears likely that if the process were 
truly adiabatic, the Hugoniot-Eeynolds formula would express the 
results fairly exactly. 

Helium and carbon dioxide were found to behave in a 
manner which could not be explained on the assumption of the 
perfect gas laws. Helium appears to effuse too slowly and 
-carbon dioxide too quickly ; this is attributed to the internal 
work performed by the gas at the jet, which, it is shown, would 
account for these irregularities. It may be added that in the 
-case of helium the value oi pv appears to increase with increase of 
pressure to an even greater effect than in the case of hydrogen. 
It is possible, therefore, that though the Joule-Thomson effect 
(p. 187) is nearly negligible in the case of the latter gas, it may 
have a strongly negative value for helium. 

Traiispiration. — The flow of gases in capillary tubes was 
first studied by Thomas Graham in the early forties (Phil, Trans., 
1846). The gases, confined over water in glass vessels, were 
drawn through capillary tubes of various dimensions into the 
receiver of an air-pump, and the time required to produce a 
definite rise of pressure was observed in each case. The con- 
clusions arrived at may be briefly expressed as follows : — 

(i) If a gas flows into a vacuous space through a tube whose 
length is extremely short, a mere ring, it will obey the law of 
effusion. With the slightest elongation the effusion numbers are 
disturbed, the change being very great at first but soon falling off. 

(ii) A tube of any diameter is suitable for transpiration 
experiments, provided a certain length is given to it. 

(iii) The relative time of transpiration of a gas appears to be 
independent of the pressure, but increases with rise of temperature. 

(iv) The time of transpiration of mixed gases appears, in some 
cases, to be the nieiin of the two components, but in the case of 
hydrogen it appears to tend in the direction of slower transpira- 
tion ; the addition of small quantities of hydrogen to other gases 
appears to prolong the time of transpiration. 

The following figures express the time of transpiration of the 



commoner gases 



Oxygen . . TOO 

Carbonic acid . 0*75 



Hydrogen . 0*44 

Nitrogen . . 0*875 
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Viscosity ; internal friction. — A stream of gas flowing past a 
solid surface may be supposed to consist of a number of thin 
layers parallel to the surface. The layer in contact with the 
surface may be 'supposed to be at rest, and, indeed, it has been 
proved experimentally that the friction between a gas and a 
solid is, except at low pressures, negligible. Each successive 
layer moves over the one before it with an increased velocity, and 
if the stream is moving in the direction of x, the velocity v is a 
linear function of y, the perpendicular distance from the surface, 
since the friction between unit area of each layer is the same. 

If F is the tangential force between unit areas of any pair 
of layers, 

(1) ^=/^T-» 

where /Lt is a constant, the coefficient of viscosity. If we consider 
the layers as being at unit distance apart, and moving, relatively, 
with unit velocity ; 

(ii) F = /.. 

Supposing that the gas consists of molecules, there will be 
a constant interchange between the layers, a quickly-moving 
layer receiving molecules of higher velocity than those which it 
gives to the slow-moving layer next to it, this interchange 
resulting in a tendency to equalise the velocities of the layers. 
The tangential force will depend upon the number, velocity, and 
range of action of the molecules, or in other words on the number 
of impacts between them in unit time. Since at constant 
temperature, only the number of molecules in unit volume, and 
their range of action, change, and these two factors change in 
inverse ratio, the viscosity of a gas should, at constant tempera- 
ture, be independent of the pressure. This conclusion was 
arrived at by Clerk-Maxwell in 1860 from his mathematical 
investigation of the viscosity of gases, and was confirmed by 
his own experiments. The results obtained by Graham twenty 
years earlier, pointed in the same direction, and the actual values 
of the viscosities calculated by 0. K Meyer from Graham's data 
were confirmatory of Maxwell's law. The subject has been dealt 
with by 0. E. Meyer in a work entitled The Kinetic Tfieoi-y of 
Gases. 
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Fig. 123. 



The method employed by Maxwell in his experiments was 
one which, in a simpler form, had first been applied by 'Coulomb 

to the determination of the viscosity 
of liquids. Here three circular discs 
were fixed rigidly to an axis which 
was suspended at one end by a 
fibre, so that if they were rotated 
they would oscillate about the axis 
and gradually be brought to rest by 
friction with the surrounding gas ; 
the viscosity could be calculated from 
the logarithmic decrement of the 
period of oscillation. In order to 
increase the frictional effect of the 
gas Maxwell introduced four fixed 
discs a a a a, above, below, and 
between the rotating discs, and very 
nearly touching them. The results showed that Maxwell's law 
held between pressures corresponding to 10 and 760 mm. of 
mercury. It appears probable that this method is capable of 
giving the most accurate results for the absolute values of the 
viscosities of gases, though, as Kundt and Warburg have shown, 
it is necessary to apply a correction for the external slipping 
friction caused by the motion between the moving surface and 
the gas, when dealing with rarefied gases. 

Crookes {Phil. Trans., 1881) employed a rotating vane of 
mica in the investigation of the viscosities of rarefied gases ; the 
results, which were calculated by the aid of formulae developed 
by Stokes, showed that the law of Maxwell held good down to 
very low pressures, but that at extreme rarefaction a sudden change 
usually occurred. 

The relative viscosity of a gas may be determined with a fair 
degree of accuracy by means of Graham's transpiration method. 
0. E. Meyer has shown that where p^ and p^ represent the 
pressures at the two ends of a capillary tube of length I and 
radius v, where fi is the coefficient of viscosity, and v^ is the 
volume of gas which passes through the tube in t seconds, 
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where the driving pressure (p^ -^P^) is constant and not very great. 
The values of r and I would be difficult to determine accurately, 
but in making comparative measurements their absolute values are 
not required. In measuring the viscosities of argon and helium 
Lord Kayleigh employed a tube about 1000 mm. in length 
and 1 mm. in diameter (Froc, Boy, Soc, 59, 206), connected at 
either end with a gas burette and a manometer. During the 
passage of the gas the pressures were regulated by one of the 
observers, and it was found possible to adjust them with sufficient 
accuracy. As a check on the experiments the relative viscosities 
of hydrogen and air were determined, and the results were found 
to be satisfactory. 

The viscosity coefficient of air is given by 0. K Meyer as 
0*000172, the mean of the results of six observers. The value 
of the coefficient is of the same order for all gases, and even in 
the case of the monatomic gases no variations are found. The 
following are the accepted values for the principal gases — 





I. 


II. 


III. 


Oxygen . 


0000191 


0000189 




Nitrogen^ . 


0-000167 


0-000166 




Carbon dioxide . 


0-000145 


0-000138 


0000152 


Hydrogen 


0-000084 


0-000086 


0-000092 



I. Calculated by O. E. Meyer from Graham's transpiration 
numbers. The number 0*899 is given for air referred to oxygen 
as unity, and the viscosity of air is taken to be 0*000172 at 
0°C. 

II. Directly determined by Von Obermeyer by the transpira- 
tion method at 0° C. 

III. Determined by Kundt and Warburg by the method of 
oscillation at 15° C. ; the numbers are, however, somewhat higher 
than in I. and II. 

From the transpiration experiments of Lord Kayleigh (loc. 
ciL) the monatomic gases have viscosities 

Argon . 0-000208 

Helium . 0000165 

It may be mentioned here that the viscosity of a gaseous 
mixture is not necessarily the mean of the viscosities of the 



288 EXPERIMENTAL STUDY OF GASES chap. 

constituents, and, as was shown by Graham, the presence of a 
small quantity of a gas, such as hydrogen, which has a low 
viscosity, may increase the apparent viscosity of a gas like carbon 
dioxide ; this fact is in perfect accordance with the kinetic theory. 
It is necessary, therefore, to take particular precautions with regard 
to the purity of the gases employed, though, as Lord Eayleigh 
has shown, the results are not likely to be seriously affected by 
the presence of traces of moisture or of other gases. 

The effect of a rise of temperature is to increase the viscosity 
of a gas. It will suffice to state here that the change is of the 
same order for all gases, though it might have been supposed 
that a difference would have been observed in the case of the 
monatomic gases, since the change in viscosity is dependent not 
only on the number of the impacts between the molecules, but 
on the nature of the impacts (Carl Barus, Am, J, Sc, 1888, 
408; Holman, Proc. Am. Acad., 1885, 16; Eayleigh, loc. ciL; 
Sutherland (Theory), Fhil. Mag., 1893, 386). 

diffusion of gases. — This term, though employed by Graham 
in describing the passage of gases through porous septa, should 
more properly be applied to the mixing of two gases brought 
suddenly into contact over a free surface. The subject was 
studied by Loschmidt of Vienna, and the results published under 
the title of Diffusion of Gases without Porous Septa. A glass tube 
1000 mm. long and 25 mm. in diameter was divided in the middle 
by a thin steel shutter, in which a hole, equal in diameter to the 
inner section of the tube, was pierced. The two halves of the 
tube were filled with different gases, and the shutter was moved 
so as to bring them into contact for a definite period of time. The 
degree to which the gases had mixed was determined by chemical 
analysis, and, from the results, coefficients of inter-diflusion were 
calculated from formulae developed by Stefan on the basis of the 
kinetic theory. 

The passage of a gas through a porous septum into a vacuum 
appears to take place partly by effusion and partly by diffusion ; 
the phenomenon is partly molecular and partly hydrodynamic. 
It is difficult to determine how far each of these phenomena comes 
into play; but since the rate of flow of the gas is inversely 
proportional to the square root of its density, it appears to be 
conditioned by internal friction only to a very slight extent. 
The method does not, however, lend itself to the determination 
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of gas densities. The passage of a mixture of gases through a 
porous septum results in a partial separation of the constituents, 
the lighter gas passing through in greater quantity. The separa- 
tion is, however, by no means complete; and even were the 
phenomenon one of simple diffusion, the concentration of the 
heavier gas on the first surface of the septum would tend to 
decrease the efficiency of the process. 

The method of fractional diffusion, or atmolysis, was one of 
the methods employed by Ramsay and Eayleigh to prove that 
atmospheric nitrogen was a physical mixture (PM. Trans., 1895, 
186, 187). It was also applied to the separation of the con- 
stituents of cl^vite gas (Ramsay and Collie, Froc. Boy. Sac., 60, 
206 ; Ramsay and Travers, trf. 60, 206). 

The gases were introduced through a stopcock E into the 
diffusion vessel A, which communicated through the porous plug 
B and the stopcock C with a Topler-pump. 
The plug consisted of a piece of tobacco- 
pipe stem, closed at one end and cemented 
into the glass tube at the top of the 
vessel A. Before introducing the gas the 
apparatus was exhausted through the 
stopcock D, which was subsequently closed, 
as was the stopcock C. The rubber tube 
connecting the mercurv reservoir F with 
the diffusion vessel could be closed by a 
pinchcock. During the actual experiment 
the reservoir was adjusted so that the 
pressure on the gas in the vessel was about 
equal to the atmospheric pressure. 

In the first stage of the experiment 
the vessel A, after exhaustion, was filled 
with the gas, which was allowed to diffuse 
through the porous plug into the pump, 
were pumped off and collected separately. 




Fig. 124. 



Five equal fractions 
The tirat and lightest 
fraction was then introduced, and after two-thirds of it had 
passed through the plug, the stopcock E was closed ; the gas in 
the pump was collected to form the first fraction of the second 
series, and the second fraction was added to the gas in the vessel 
A. Half this gas wslb allowed to diffuse into the pump, and the 
remaining half was mixed with the third fraction and treated in 

U 
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the same way. This operation was repeated in the case of each 
fraction of gas, so as to produce six other fractions. To obtain 
the sixth fraction it was necessary to open the stopcock D and 
exhaust the apparatus. 

This cycle of operations was repeated about thirty times, with 
the result that the density of the lightest fraction was reduced to 
1*98 ; the density of the original gas was 2 18. The method is 
an extremely tedious one to carry out, and is far less efl'ective 
than fractional distillation as a means of separating gases in a 
mixture. 



CHAPTEE XXI 



RBFRACTIVITY 



The first attempt to determine the refractivities of gases is that 
of Dulong in the year 1826 (A, de Ch. et de Fh„ 31, 154). The 
gas was introduced into a hollow glass prism, and the pressure 
was adjusted till a definite deviation was arrived at. The 
results obtained are closely in accordance with those of modem 
investigators. 

It would be impossible to deal with the various methods 
which have been applied to the determination of refractivities 
of gases ; the majority of them are based upon the principle of 
interference, and it is probable, from the widely discordant 
results which have been published, that the measurements have 
rarely been made with pure gases. 

Although it is only with considerable diflBculty that the 
absolute refractivity of a gas can be determined, it is a compara- 
tively simple matter to determine the ratio of the constants for 
two gases, or the refractivity of any gas in terms of the refractivitj' 
of air, which is taken as unity. 

The refractive index /i, of any substance, for light of any 
particular wave-length, is an inverse measure of the velocity with 
which light of that particular wave-length travels in the sub- 
stance. 

(^ = !!* 

The refractivity of a sutstance is expressed by the symbol 
(ji — 1), and for matter generally, the law of Dale and Gladstone, 

^^-—i — - = constant, 
. a 
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holds good within narrow limits. In the case of the more 
perfect gases, 

^^ , ^ = ^ = constant 

a p 

It is not difficult to attach a physical meaning to the terms 
(/I — 1). Supposing matter to consist of molecules in the 
ether, if the time required for the passage of light through a 
vacuum were unity, fi would be the time required for the 
passage of light through the same space filled with matter. 
(/Lt— 1) is thus the retardation produced by the presence of the 
molecules. 

Lord Eayleigh (Froc. Boy, Soc, 59, 203) has devised a very 
simple apparatus for determining the refractivities of gases, 
which depends upon the comparison of the velocities of light 
through identical lengths of two gases by the method of 
interference. The apparatus was first applied by him to the 
determination of the refractivities of argon and helium, and 
subsequently in a slightly modified form by Eamsay and Travers 
to the examination of the constituents of atmospheric argon. 

In the apparatus (Fig. 125, A and B) the gases were contained 
in two glass tubes a, which were connected together and were closed 
at the ends by optically-worked glass plates. The tubes were cut 
from a straight length of glass tube about 7 mm. in diameter, and 
the side tubes were sealed to them ; they were then connected 
together by a broad band of very thin copper sheet, and cement 
was run into the space between them. The ends h h' were then 
ground perpendicular to the axis, and the worked glass plates, 
which were only sufficiently large .to exactly cover the ends of 
the tubes, were attached by means of rubber cement The tubes 
were then tested for leakage from the outside, and from one tube 
to the other. The tubes were placed between the two plano- 
convex lenses c and d, in such a manner that the middle .points 
of the upper edges of the end-plates lay in the optical axis. The 
lenses were achromatic, and of about one foot focus ; they were 
mounted on brass tubes, which were attached by cement to slides, 
which could be moved along the wooden beain on which the 
flpparatus was mounted. The slit e was made by drawing a line 
with a razor across a piece of tinfoil cemented closely on to the 
second surface of an ordinary piece of glass plate. The slit was 
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illumiQated by means of a paraffin lamp /, placed at a distance 
of about 10 cm. from it. A piece of card g, pierced with two 
vertical slits, was placed in front 
of the second lens. These slits 
were about 4 mm. wide, and 
their centres coincided with the 
axes of the tubes. A vertical 
cylindrical lens was placed at m, 
to serve as an eyepiece for the 
observation of the l)and8 formed 
in the focus of the lens d. The 
lens was made from a strip of 
plate glass which was turned 
in the lathe with a file and 
turpentine to about 3 mm. dia- 
meter, and was then polished ; 
glass rod would not serve for 
this purpose. The tubes a were 
connected by capillary leads 
directly to the manometers h h', 
which were provided with ad- 
justible mercurj' reservoirs / /', 
so that the pressure could be 
altered at will. The tubes and 
manometers could be filled with 
gas through the two-way stop- 
cock A, by means of the appa- 
ratus described on p. 300, or 
connected with the pump. The 
manometers were placed in front 
of a ruled glass scale, and the 
readings were taken by means p^^ j25 

of a telescope. 

The principle of the apparatus is as follows. The diverging 
beam of light from the slit e is rendered parallel by the lens c. 
From this point we may consider two parallel beams passing 
partly down the tul)es and partly above them, and being brought 
to a focoa by the lens rf. At points in the focal plane of b, at 
which the lengths of the paths of the two beams diEFer by one- 
half wave-length, interference takes place and bands are formed. 
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If the sodium flame is employed as a source of light, the bands 
will be black with bright spaces of yellow light between them ; 
with ordinary white light the dark bands will have coloured 
fringes. There is no advantage, however, in employing mono- 
chromatic light ; tlie dispersion of gaseous matter is so small that 
the error introduced by the use of white light is too small to be 
considered in ordinary experimental work, and the coloured bands 
are quite easily observed. The sharpness of the bands largely 
depends on the narrowness of the slit. 

When viewed with the cylindrical lens two superimposed 
sets of bands appear. The upper set, which is produced by the 
beams of light passing over the top of the tubes, acts as a 
set of fiducial points ; the lower set is produced by the beams 
of light which pass through the tubes. On account of slight 
irregularities which may exist in the plates or lenses, the two 
sets of bands will not coincide ; this error does not, however, 
affect the ultimate result. 

The tubes and manometers are first thoroughly exhausted ; 
one is filled with the gas whose refractivity is to be deter- 
mined, and the other with air or with some other standard. If 
the two gases have the same refractivity, and are at the same 
pressure, the beams of light will pass with the same velocity 
through each of them ; consequently, the points at which the 
interference bands are formed will be the same as when they 
were both filled with air at the same pressure, or were completely 
exhausted. If their refractivities differ, the velocity of light in 
the gas of lower refractivity being greater than the velocity 
of light in the other gas, the bands will be displaced in the 
direction of lower refractivity. The pressure in the tube contain- 
ing the gas of higher refractivity is now reduced by lowering the 
manometer reservoir until the bands in the upper and lower rows 
exactly coincide. The pressure in each manometer is now read 
by means of a telescope ; and, in order to ensure accuracy, one 
of the reservoirs is readjusted four or five times, the other remain- 
ing fixed. 

If it were not for the small irregularities already mentioned 
it would be possible to calculate the refractivities of the two gases 
from the ratio of the pressures at which light travelled with equal 
velocity in each of them. In order to eliminate these errors it is 
necessaiy to make the comparison at a second pressure as different 
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from the first as possible. The reservoir of the manometer 
containing the gas of low refractivity is now lowered as far as 
possible, the other reservoir l^eing lowered simultaneously, and a 
second set of adjustments are made. In lowering the reservoirs 
there is some danger of mistaking the bands which should corre- 
spond. This difficulty may be got over by lowering both reservoirs, 
so that no great displacement ever occurs. The difficulty becomes 
much greater with heavy gases, when a great number of bands 
pass across the field for a small change of pressure. 

From the dififerences between the results of the two sets of 
readings the refractivities may now be directly calculated. 

If Pf^ and pi, are the pressures after the first adjustment, and 
p'a and p\ the pressures after the second adjustment. 

Pa - Pa ^ Pb^ 
P'b - Pb Pa 

Th-e standard. —U the relative value of the refractivity of the 
gas lies between 0*5 and 1*4, one manometer is filled with air. 
In measuring the refractivities of gases, such as helium or neon, 
some difficulty was experienced, as it was necessary to lower the 
pressure on the air considerably in order to bring the bands into 
position on the field, and unless the manometer tubes were very 
long it was found to be impossible to obtain a second set of 
readings differing greatly from the first. It was found to be 
more convenient to measure the refractivities of these gases 
against hydrogen, and to determine the constant for that gas 
against air by a subsequent series of measurements. 

Refractivity of argon in terms of air as unity. — The pressure 
differences are expressed in millimetres of mercury : — 

Argon. Air. 

First difference . 77 136, 13'3, 13-6, 130, 13*3 ; mean, 1336 

Argon. Air. 

Second difference . 368-2 361-0, 361-5, 3612, 361*0 .'^61-3; mean, 361-2 

^ , . . 361-0-13-36 ^^^^^ 
Refractivity = 3^^.^ _ ... =0-9679. 

Argon. Air. 

First difference . 8-0 129, 12-7, 126, 12*6, 12-7 ; mean, 12-7 

Air. Argon. 

Second difference. 3551 3611, 3618, 3620, 3610, 361*5 ; mean, 3615 

355-1 — 1 2*9 
Refractivity = 3g^.^_ g.o = 0-9680. 
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The following values were obtained for the refractivities of the 
principal gases : — 

Air 1000 1 



Hydrogen 
Oxygen 
Nitrogen 
Neon . 
Argon . 
Helium 
Krypton 
Xenon . 



* Ramsay and Travers, Proc, Roy. Soc., 62, 228 



0-473 1 
0-924 ^ 
10161 
0-2345 3 
0-9655 - 
0-1238 3 
1-449 3 
2-364 3 



» Id. 64, 190. ' Id. 67. 831. 



CHAPTER XXII 



SPECTRUM ANALYSIS 



Historical note — Gases for examination — Vacuum-tubes and electrodes — Method of 
filling vacuum-tubes — Qualitative observations — The spectrometer — Standard 
lines — The induction coil — Electric discharges in vacuum-tubes — The nature of 
luminous spectra — Spectra of hydrogen, helium, neon, argon, krypton, xenon, 
mercury, nitrogen, and the oxides of carbon. 

It was first noticed by Pliicker {Pogg. Ann,, cvii. 497) in 1859 
that the nature of the light emitted by the so-called Geissler 
tubes depended upon the gas with which they were filled. This 
observation led to the application of the methods so successfully 
employed by Bunsen and Kirschoff in the examination of solid 
substances, to the investigation of the spectra of gases. 

Gases foi' examination, — The preparation of gases in a state of 
purity has already been dealt with at length, and it only remains 
to add a few remarks with regard to precautious to be taken if a 
gas is intended for spectroscopic examination. Since in a mixture 
of gases the nature of the spectrum depends only within certain 
limits on the proportion of the constituents present, and since 
certain gases, such as the various compounds of carbon, have a 
considerable influence even when present in minute quantity, it is 
essential that the processes of preparation and purification shall 
be so selected that these substances are entirely absent. Furtlier, 
if the examination is conducted with a view to detennining the 
nature of a chemically inactive residue (helium, etc.) the gas 
should be previously sparked with oxygen (p. 104), and th« 
oxygen subsequently removed by means of phosphorus. 

Vajcuum-tuhes, — In order to observe the spectrum the gas is 
introduced into an exhausted tube at a pressure of 2 to 3 mm. 
Under the influence of the electric discharge, produced by con- 
necting the secondarv terminals of an induction coil with the 
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electrodes which are fused into the tube, the gas emits a character- 
istic glow which is analysed by means of the spectroscope. 

The tubes, commonly called Plucker tubes, which are used to 
contain the gas, are shown in Fig. 126. In a the capillary portion 
of the tube, which should have an internal diameter of about 
1 mm., is sealed to two wider portions containing the electrodes 
which lie in the axis of the tu]:)e. When in use the capillary 
portion of the tube is placed opposite and parallel to the slit of 
the spectroscope. The tubes 6 and c are so constructed that when 
placed opposite to the slit the axis of the capillary lies in the line 
of collimation. By this means the intensity of illumination is 
much increased. In c the tube is closed by a quartz plate 
which is cemented to the end of the tube which is ground flat. 



a 







3 




=X — ^ -^ 





Fio. 126. 

The object of the quartz plate is to admit of the passage of ultra- 
violet rays, to which glass is opaque, and which can only be 
detected by photographic methods. In these " end on " tubes the 
capillary is often flattened. 

The electrodes which pass inside the tubes may be either of 
aluminium or of platinum, preferably of the former, sealed into 
the tube by means of a little lead, .glass, or enamel. If platinum 
electrodes are used they can be easily introduced in the following 
manner. The different stages of the operation are shown in 
Fig. 127. A piece of platinum wire about 2*5 cm. long is bent 
into a loop (a), and while held in the forceps in the blowpipe 
flame, a stick of enamel is melted, and drawn round it so as to 
leave a bead of the material on the wire close to the loop; the 
wire is also thinly coated with the enamel for about half its length 
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(b). The wide portion of the vacuum-tube, previously sealed to 
the capillary, is then drawn to a point, and the point is heated in 
the Hame and blown out so as to leave an opening rather smaller 
than the knob of enamel on the platinum wire (c). The wire is then 
placed in position, and the end of the tube strongly heated with 
a small flame till the glass and enamel are thoroughly melted ; 
the tube Js then blown out and melted down a second time. 
This operation should be repeated several times, when the enamel 
should form an even ring about 5 mm. wide round the wire (d). 
The side-tube should then be sealed in position, and the second 
electrode introduced. 

Platinum electrodes are little used, especiiilly if the tubes are 
to be much used, as they become very hot, and the platinum 




n 



f 



volatilises under the influence of the discharge. This would of 
itself be unimportant, but for the fact that the metal, which is 
deposited on the walls of the tube, is in the amorphous condi- 
tion at the moment of deposition and able to absorb certain gases, 
particularly helium. Aluminium, on the other hand, although it 
too is volatile to a certain extent in the inactive gases, does not 
appear to absorb them so quickly, though it completely absorbs 
traces of nitrogen, carbon monoxide, etc. 

An aluminium electrode is made by heating the end of a 
piece of aluminium wire in a flne blowpipe flame, and when it is 
just melted bringing it into contact with a piece of platinum 
wire c ; a trace of pure gold on tlie platinum facilitates the union 
ol the two metals. The platinum wire is then cut to the right 
length, bent and coated with enamel for the greater part of its 
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length, leaving a knob of enamel near the loop (/). In order to 
completely protect the platinum a short piece of thin glass tube 
is slipped over the aluminium wire, so that this covers the 
junction and reaches nearly to the knob of enamel (g). By heating 
in the blowpipe flame the enamel and glass are sealed together {h\ 
and the electrode is sealed into position in the tube. Eecently I 
have employed electrodes in which the aluminium wire is drilled 
through its whole length, and threaded with stout platinum wire. 
Such electrodes, even should they become very hot, cannot fall 
against the side of the tube and crack the glass. 

It is sometimes convenient to use tubes with one platinum 
and one aluminium electrode, for on account of the intermittent 

nature of the discharge from an 
ordinary induction coil only one 
electrode, the cathode, becomes 
strongly heated. For reasons 
which will be given later, the 
side -tube is placed at the end 
nearest to the aluminium electrode. 
Method of filling vacuum-tubes, 
— The apparatus employed for 
this purpose is shown in Fig. 
128. The tube A is sealed to 
the mercury -pump, with which 
the apparatus communicates 
through the stopcock B. The 
vacuum-tube is sealed to the 
tube C, which contains phosphorus 
pentoxide confined between plugs 
of glass wool. This tube is 
removed when the pentoxide is 
exhausted, and replaced by another 
freshly -filled tube. The gas is 
introduced through the syphon D, 
and if the apparatus is con- 
structed as in the figure there 
Fio. 128. "^^ will be little danger of pellets of 

mercury being carried into the 
pentoxide tube or into the tube leading to the pump. 

The apparatus is first thoroughly exhausted, and mercury is 
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drawn into the syphon to the level of the top of the stopcock by 
raising the trough (p. 26, Fig. 28) till the point is below the 
surface of the mercury, and opening the cock. During the latter 
stages of the exhaustion the vacuum-tube is heated with a Bunsen 
burner, and a strong electric discharge is passed between the 
electrodes, which are attached to the terminals of an induction 
coil. The direction of the discharge, wliich is intermittent (p. 309) 
in character, should be reversed every two or three minutes to 
ensure that both electrodes are thoroughly heated. The spectrum 
of the last traces of gas in the tube will probably be that of 
hydrogen, produced mainly by the decomposition of the water 
driven ofi' from the glass by the action of heat. The heating 
and exhaustion are continued till the glass begins to glow 
with a brilliant yellow -green phosphorescence, or till the dis- 
charge will no longer pass between the electrodes inside the 
tube. 

With aluminium electrodes the discharge must be passed 
for a longer time than if platinum electrodes are used, as the 
metal appears to give off hydrogen as it becomes hot. With 
aluminium electrodes there is, however, the advantage that traces 
of nitrogen and carbon compounds are rapidly absorbed by the 
metal. For this reason it is not unusual to employ a single 
aluminium electrode, the other being of platinum. The aluminium 
electrode is always placed at the top and connected with the 
cathode terminal of the coil when the tube is in use, for if it 
should then become hot and melt it will not fall against the 
side of the tube and crack the glass. 

It is sometimes extremely difficult to remove carbon dioxide, 
etc., from the tube by simple exhaustion ; in this case a little 
air should be admitted and the tube re-exhausted. 

When the exhaustion is completed the stopcock B is closed, 
and the tube containing the gas to be examined is brought over 
the upturned end of the syphon in the mercury-trough. The 
stopcock is then turned so that the gas enters the syphon, driving 
the mercury into E, and finally passes into the apparatus. The 
quantity of gas which enters the apparatus can easily be regulated, 
and in adjusting the pressure so as to produce the best effect the 
direct vision spectroscope is brought into use. The vacuum-tube 
\s sealed from the apparatus by heating the capillary tube with a 
tine blowpipe fiaine. Mercury is then drawn into the syphon, and 



302 EXPERIMENTAL STUDY OF GASES chap. 

the remaining gas is removed from the apparatus through the 
pump and collected. 

If the gas contains traces of nitrogen or oxides of carbon, 
the impurity is rapidly absorbed by the aluminium electrode 
when the tube has been in use for a short time. 

If a number of specimens of gas are to be examined quali- 
tatively with the direct-vision spectroscope they may be introduced 
one after the other into the same tube, which is merely exhausted 
between each operation. Care must be taken that the syphon is 
filled with mercury before a new sample of gas is introduced. 

Mercury vapour in vacuum-tubes, — When an apparatus of this 
kind has been in use for some time, it is frequently found that the 
spectrum of the gas introduced into it contains the green and 
yellow mercury lines. This is very marked among the gases of 
the helium group, particularly the heavier members, but though 
it depends to some extent on the gas, it is chiefly caused by small 
particles of mercury being carried through the whole apparatus 
and volatilised by the heat generated in the tube. 

The introduction of mercury vapour into the tube may be 
partially prevented by introducing at the end of the tube E a tube 
filled with gold-leaf. In order to retain all traces of mercury 
vapour the following method has been used with success. A 
tube of about 20 cm. long and 1 cm. in diameter is packed with 
layers 4 cm. long of the following substances — ' 

(i) Silver foil, 

(ii) Sulphur, 

(iii) Iodine, 

(iv) Sulphur. 

(v) Silver foil. 

The tube is introduced between the pentoxide tube and the 
vacuum-tube. It is somewhat difficult to exhaust through it on 
account of the vapour pressure of the iodine. When it is not in 
use air should be admitted to the apparatus in order to diminish 
the rate of diffusion of the iodine and consequent wasting of the 
tube. 

Qualitative obsei'vations. — For qualitative observations it is con- 
venient to employ the prismatic combination of a direct-vision 
spectroscope, without slit or lenses. If the capillary of the 
vacuum-tube is narrow the lines will appear very sharp and 
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brilliant. For observations on the nature of the glow round the 
electrodes in the tube a spectroscope with slit and lens must be 
used. 

The spectromet&i\ — Although with a little pmctice it is 
possible to recognise the spectra of the principal gases, and to 
detect the presence of two or more gases in mixtures without 
reference to a scale, it is often necessary to obtain more con- 
clusive proof of the identity of a line or of its position in the 
spectrum. For this purpose it is necessary to employ either a 
spectrometer, in which the deviation of the line may be directly 
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observed, or a spectro-photometer. The latter instrument is for 
many reasons always employed when a number of accurate 
measurements are required ; space does not, liowever, permit of a 
description of the methods of spectro-photography. It is possible 
to measure the wave-length of a line to the nearest Angstrom 
unit, one ten-millionth of a millimetre, by means of a spectro- 
meter with a 20 cm. circle and a prism of high dispersive power. 
Since, however, the accuracy of the results will depend in a great 
measure upon the structure and manipulation of the instruments, 
it may be well to mention the more important points to be 
attended to. 
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The instrument should be built upon a solid cast-iron stand, 
which can be levelled by means of screws resting on counter- 
sunk plates. The screws should be at least 1 cm. in diameter, 
and should fit accurately into their sockets. The vertical pillar 
supports the divided circle, 20 cm. in diameter, and 1 cm. in 
thickness. The circle may be divided on its horizontal or vertical 
surface, preferably on the latter. ^ In either case the accuracy is 
the same, but the vertical divisions have the advantage that they 
can be read by means of a horizontal microscope, and that the 
vernier graduations lie in the same plane with them ; graduations 
on a bevelled surface are not to be recommended. ' 

The prism-table should be raised as little as possible above 
the circle. It should be capable of being rotated about the 
vertical centre of the instrument by a pinion working into a rack 
on the edge of the table. An arm projecting from the table carries 
a vernier, by means of which the position of the table can be 
determined. 

The tube, which carries the slit and coUimating lens, is 
usually attached to a support rigidly fixed about the zero of the 
circle. The support must be so constructed that the collimator 
is capable of slight horizontal and vertical adjustment, and is at 
the same time rigid and free from vibration. Both the telescope 
and collimator should be carried on their supports in draw-tubes, 
into which they fit well but easily, and are secured by clamping 
screws. It should be possible to remove the telescope, and 
replace it without altering the reading of the instrument. . 

The telescope is supported on an arm capable of free rotation 
about the vertical centre, so that its axis may be made to coincide 
with the axis of the collimator. The arm carries a vernier by 
means of which the position of the telescope with regard to the 
divided circle is determined. Spectrometer circles are often pro- 
vided with two verniers, but if the instrument is well made the 
eccentricity, which the second vernier is intended to correct, is 
negligible. The telescope can be moved into position by hand. 
The final adjustment is made by means of a micrometer screw 
attached both to tlie rotating arm and to a block, which can be 
clamped at will on to the edge of the circle in any position. The 
screw should be of low pitch, and it should be possible to take up 
wear. 

Considerable difficulty has been experienced in constructiiig 
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a telescope support so that it is quite free from vertical motion. 
lu the best spectrometers the telescope arm is pivoted on the 
stand -pillar, which it grips for a considerable section of its 
height. 

The collimator and telescope each carry an achromatic plano- 
convex lens of 25 to 30 cm. focus; the shorter length is the 
more convenient for ordinary use. The slit is carried at the end 
of a slide-tube which has a rack and pinion adjustment. The 
slit itself should be made of some non-corroding metal ; one jaw 
should be fixed, and the other capable of adjustment by means of 
a micrometer screw ; the two components are kept apart by a 
spring. In order to reduce the vertical width of the slit a shutter 
with a V-shaped slot in it is made to slide over its first surface. 
A small right-angle glass prism, which can be adjusted so as to 
cover half the slit, serves to throw light from a source at the side 
down the tube. 

The eyepiece, which is used either for comparative observations 
or for measurements of angular deviation, must contain a spider 
line or pointer in its focus, which must be brought into coincidence 
with the line under observation. If the line is a faint one it is 
almost impossible to determine when the cross-wire or pointer is 
exactly over it, but the difficulty can be overcome by employing 
an eyepiece in which the pointer is illuminated from a separate 
source. For convenience in adjusting the instrument the needle 
may be made to move across the field by means of a screw. 

Method of using the spectroscope, — Before the telescope is 

placed in position it should be focused for parallel light by 

observing some distant luminous object, preferably the moon. 

Since it is necessary to alter the focus of the telescope in observ- 

: ing lines in difiFerent parts of the spectrum it is convenient to 

have the tube which carries the eyepiece graduated in millimetres, 

i so that a portion can at any time be recovered. The telescope 

i and collimator are placed opposite to one another; the slit is 

i illuminated by means of a sodium flame, and adjusted so as to 

I obtain the sharpest image. The tubes are then adjusted in the 

horizontal and vertical position till their two axes exactly coincide. 

In this operation the slit should be reduced by means of the 

horizontal slide to a luminous point, and its image should occupy 

the centre of the field of the telescope. The position of the 

telescope should be read off on the circle and not< d 

X 



t 
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Each prism should be permanently fixed to a stand resting 
on three levelling-screws. The points of the screws should rest 
in the radial slots which are cut in the surface of the prism-table, 
so that the prism can be removed and replaced in its original 
position. If it is necessary to place the prism somewhat to one 
side of the prism-table one of the screws may rest in one of 
the slots, one on the surface of the table, and one in a small hole 
drilled specially to receive it. 

The prism is then adjusted to the position of minimum devia- 
tion by moving the telescope and prism-table ; the positions of 
both are carefully noted. For visual measurements of wave- 
lengths it is sufficient to make the adjustment for the middle of 
the spectrum, the hydrogen F line. If the prism is not placed 
in the position of minimum deviation, except for perfectly parallel 
light, the lines will be doubled, or at least blurred. 

After placing the prism in the position of minimum deviation 
a further adjustment Of the collimator may be made by Schuster's 
method {Phil, Mag., 1879, 7, 95). The prism is placed in the 
position of minimum deviation, and the telescope is so placed 
that the cross-wire lies slightly on the more refrangible side of 
some clearly defined line, such as the D line. There will thus be 
two positions of the prism in which the line will coincide with 
the cross-wire. The prism table is first turned in the opposite 
direction to that in which the telescope was previously moved, till 
the line coincides with the cross -wire; the telescope is then 
adjusted to the focus. The prism is thus moved to the second 
position in which the line and cross-wire coincide, and the focus 
is again obtained by adjusting the position of the slit. These 
two operations are repeated till the line appears in focus for both 
positions of the prism. This method has the advantage of adjust- 
ing the instrument for parallel light for a much wider range of 
the spectrum than is possible by the ordinary method. 

Comparison of Spectra,- — If the spectra of two gases are to 
be compared in order to detect the presence of coincident lines, 
one vacuum-tube is placed directly in front of the slit and the 
other at the side, so that the light is thrown into the tube by 
means of the small right-angle prism, which is adjusted so as to 
cover half the slit. The spectra are seen in the telescope exactly 
superimposed, and by making the cross-wire coincide with them it 
is easy to determine the presence or absence of coincident lines. 



XXII SPECTRUM ANALYSIS 307 

It is also possible to compare the lines in the spectra of two 
gases by placing the tubes in turn before the slit and adjusting 
the cross-wire or pointer to the line in question. 

In order to determine the deviation of any line the telescope 
is adjusted so that the line coincides exactly with the spider line 
or with the bright edge of the pointer. In making the adjustment 
the tangent screw should be released from the circle, and the 
telescope moved by hand till the coincidence is almost exact; 
the hand should he placed on the siippoi't close to tk^ circle and not 
on the tube. The clamp on the fine adjustment is then made fast, 
and the pointer brought exactly into position. The position of 
the telescope is then determined by means of the circle and 
vernier. 

Mici'omcter screw eyepieces are sometimes used in the 
determination of small differences of wave-length, but since it 
is much easier to make accurate measurements by photographic 
methods these instruments do not possess any great advantages. 

From the deviation obtained from the vernier reading it is 
possible to determine the wave-length or oscillation frequency of 
the line under observation by reference to a curve obtained by 
plotting on ruled paper the values for known lines against the arc 
readings of the spectroscope. A curve representing oscillation 
frequencies is by far the most convenient, as it approaches much 
more nearly to a straight line ; the wave-lengths can be determined 
from the wave frequencies by reference to a table of reciprocals. 
The lines on the spectra of the gases argon, helium, hydrogen, and 
of the vapour of mercury cover a considerable range, and the gaps 
may be filled in by the lines in the arc spectra of certain metals. 
The following list of lines will serve for the calibration of an 
instrument within the limits of the visible spectrum, that is to 
say for radiation of wave-length between 7600 and 4000 tenth- 
metres. 

Standard wave-lengtlis, — To eliminate errors which might be 
introduced through the use of different absolute standards of 
length it is usual at the present time to refer all wave-lengths to 
Rowland's standard. Rowland's scale of wave-lengths differs 
from that of Angstrom, and it is necessary to apply to the latter 
a correction varj^ng from 1*7 units for the B line downwards. 
Rowland's wave-lengths are expressed for air at 20° ; they may be 
corrected to vacuo by reference to a table. 
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Standard Lines employed in Calibration 





1 


j Measured by— 

1 


1 

i F Potassium . 






J 7699-3 
17665-6 




Solar A 






7607-8 


Rowland. 


T Argon (red pair) 






7066-6 


Eder and Valenta. 


1 »» 






6964-8 


)) 


Solar B 






6870-2 


Rowland. 


F Lithium 








6708-2 


1 


T Helium 








6677 


Runge and Paschen. 


T Hydrogen C 








6563-1 




S Cadmium 








6438-8 




F Lithium 








6103-8 




F Sodium D, 








5896-16 


Mean of determinations by 






Angstrom, Thal^n, Eurlbaum, 


1 




Muller and Kempf, Pierce, and 






Bell ; taken by Rowland as his 






standard. 


F Sodium D., . . . 5890-19 




T Helium " . 






5875-9 


Ruuge and Paschen. 


T Mercury 






:/ 5790-5 
1 5769-5 


Eder and Yaleuta. 


S Copper . 








5782-30 


Rowland. 


>> 






5700-39 


It 


T Argon . 






' 56510 


Eder and Yalenta. 


T „ . 






5607-4 




T „ . 






5559-0 




T 






\ 5496-2 




T Mercury 






5461 




T Argon . 






5452-0 




S Cadmium 






5379-8 




ti 






1 5338-6 




S Copi)er 






5292-75 


Rowland. 


»i 






\ 5220-28 f.. 
' ,1 5218-45 (P"^') 


1 
! 


' »» 








5153-40 


)» 


>» 






5105-75 


1 


S Cadmium 








5084 


Eder and Valenta. 


T Helium 






! ! 5015-73 


Runge and Paschen. 
Rowland. 


T Hydrogen F 






. , 4861-5 


T Helium 








4922-10 


Runge and Paschen. 


1 

S Cadmium 


t 






4799 
ifi77 


Eder and Valenta. 


T Helium 






. ' 4471-65 


Runge and Paschen. 


Cadmium 






4416 


Eder and Valenta. 


T Helium 








3888-78 


Runge and Paschen. 


Cadmium 

! 








3611 


Eder and Valenta. 



Abbreviations : T, vacuum-tube ; S, spark between electrodes of the metal ; F, 
flame spectrum. 

Tlie induction coil, — For the production of spectra, for sparking 
gases with oxygen, etc., an induction coil, capable of giving a six- 
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inch spark, should be employed. The coil should be a good one, 
by Apps, Newton, or some well-known maker ; cheap coils quickly 
wear out, and owing to the breaking down of the insulation of the 
secondary circuit soon cease to be efficient. The coil should be 
kept dry and free from dust, and care should be taken that the 
platinum contact-pieces are in good condition ; when they become 
rough they should be carefully filed. 

An Apps coil giving a six-inch spark in air works well with 
four accumulator cells in series. The secondary discharge is of 
an intermittent nature, the effect produced at the cathode, the 
region of maximum disturbance, being different from that produced 
at the anode. The intensity of the secondary discharge may be 
regulated by adjusting the tension on the spring of the armature 
by means of a screw. The adjustment should not be made by 
means of the contact screw, which should only be moved in order 
to take up wear on the platinum contact-pieces. 

The alternating current may be used with effect in sparking 
gases with oxygen, and in producing brilliant spectra with vacuum- 
tubes. The terminals of the primary coil are connected through a 
resistance, so as to reduce the current to about five amperes, with 
the leads from the main, and the armature is screwed up so as to 
bring the contact- pieces together. On turning on the current the 
coil emits the well-known " transformer hum," and an alternating 
current of high intensity is produced in the secondary coil. If 
the spark-points are brought close together an electric flame is 
produced between them ; this flame is very efficient in effecting 
the combination of oxygen and nitrogen. Since the secondarj' 
discharge in a vacuum-tube is in this case truly alternating, no 
difference is observed at the two poles, and both electrodes become 
equally heated. 

A remarkable change in the nature of the discharge, and 
consequently in the nature of the spectra, is produced by the 
introduction of a Leyden-jar and spark-gap into the secondary 
circuit. The effect is to produce an oscillatory discharge of high 
intensity. The outer coating of the jar is connected with one 
terminal, the inner coating with the other, and the spark-gap is 
pljiced in circuit with the tube. The width of the spark-gap may 
vary between one and seven millimetres, and should be adjusted 
so as to produce the maximum effect. 

Lumijious spectra may be divided into two classes : bright 
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line spectra, in which the luminous regions are sharply defined at 
the edges, and correspond to light of definite vibration frequency ; 
and band spectra in which the regions of maximum and minimum 
intensity shade oflF into one another. Band spectra usually 
consist of a number of bright lines close together. 

There appears to be no direct connection, at least so far 
as is at present known, between the nature of a gas and its 
spectrum, for it cannot even be assumed that a simple bright 
line spectrum necessarily indicates a simple molecular struc- 
ture. Certain relationships have, however, been found to exist 
between the vibration frequencies of the lines in the spectra 
of individual gases, as in the case of helium by Eunge and 
Paschen (p. 311), and also between the spectra of substances 
closely allied. 

The nature of the spectrum of any gas depends upon the 
conditions under which it is produced, and may be considerably 
influenced by the nature of the electric discharge in the tube, by 
the pressure under which it is confined, and by the presence of 
other gases. The nature of the discharge between the secondary 
electrodes of an induction coil, and the effect of introducing a 
Leyden-jar and spark-gap into the secondary circuit, has already 
been referred to, and by means of this arrangement very striking 
changes can be produced in the spectra of certain gases such as 
argon and xenon. The spectrum of helium undergoes a change 
when the pressure is altered : under a pressure of 5 mm. the 
glow emitted by the gas is yellow and the line of maximum 
intensity is D3, 5876 ; when the pressure is reduced the glow 
becomes green and the line 5016 predominates. The efifect of 
pressure on the spectrum of a mixture is very marked ; helium, 
for instance, is entirely obscured by nitrogen at high pressures, 
while at low pressures only the helium is visible. 

The prism spectra of certain gases have been specially 
photographed for this book, and are reproduced on the accom- 
panying plates. I am indebted for these photographs to Mr. 
E. C. C. Baly and Mr. Mees. 

The principal lines in the spectra of the elementary gases are 
given in the following tables. Fuller lists will be found in any 
work on spectroscopy, or in Watts's Index of Spectra. 

Hydrogen. — The spectruni of hydrogen contains the following 
lines : — 
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C . . A =-65621 

F . . 4861-5 

4340-7 

4102-8 

The so-called secondary spectrum of hydrogen consists of a 
vast number of fine lines filling the whole of the spectrum. It 
is certain that absolutely pure hydrogen is very difficult to obtain, 
but whether the secondary specti-um is due to hydrogen at all is 
still a moot point. 

Helium, — Under the influence of the intermittent discharge 
the spectrum of the gas contains the following lines : — 

7056 (Not coincident with argon, Kayser, Chem, News, 1895) 

6677 

5875-9 (Djp weak component 5876*2) 

5048 (Easily niaaked by impurities) 

6015-6 

4922 

4713 

4472 

At 7-8 millimetres pressure the colour of the glow in the 
cube is brilliantly yellow, and the line D^ reaches its maximum 
intensity. On reducing the pressure, the intensity of 5015*6, 
the green line, increases, and at 1-2 mm. the tube emits a 
brilliant green light ; this only happens when the gas is pure. 
This phenomenon led Eunge and Paschen to believe that they 
had effected a separation of helium into two substances which 
were characterised by the lines 5875-9 and 5015-6 respectively. 

The line 7055 disappears when the jar and spark-gap are 
used ; the spectrum is not, however, otherwise affected, only 
becoming rather less brilliant. 

In the presence of other gases, particularly those like nitrogen 
which give a compound spectrum, the helium lines are most 
easily distinguished when the pressure is very low ; the green 
line (5016) is usually the most brilliant (Ramsay and Collie, 
Proc. Roy. Soc., 69, 258) (see Fig. 130). 

Neon, — The lines in the spectrum of this gas lie for the most 
part within the red area ; these are strong and brilliant, as is also 
the yellow line Dj (5852*6). There are also strong green lines. 
The glow in the vacuum-tube is a red-orange, which becomes rosy 
if much helium is present in the gas ; tlie presence of this gas is 
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CHAl*. 



most easily detected by means of the green line 5016. The 
spectrum of neon is weakened, but not changed when a Leyden- 
jar and spark-gap are introduced into the secondary circuit. The 
wave-lengths of the lines have been measured by Mr. Baly by 
means of a Eowlands grating. 

Argon. — The spectrum of argon is very complex in character, 
and undergoes a striking change when the nature of the discharge 
is altered. Witli the intermittent discharge the glow in the 
tube is red, and few blue lines appear in the spectrum ; with an 
oscillatory discharge the glow is bright blue, the red lines in the 
spectrum disappear, or become faint, and many new green and 
blue lines appear ; when the gas in the tube is at low pressure 
it usually gives a mixture of the two spectra. With a Tesla 
discharge the glow becomes nearly white and a spectrum akin to 
the blue spectrum appears ; while on the other hand by passing 
an alternating current of low voltage through the primary circuit 
of the induction coil, the red spectrum is produced with the line 
6964*8 strongly intensified. It appears tlien that the red and 
the blue spectra are themselves capable of further modification 
(Kayser, Berlin Akad., 1896; Eder and Valenta, Wiener Akad., 
1896). 



Dair. 



Red Spectrum. 
7056-6-1 Very bright 
6964-8- 
6752-7- 
6676-5- 
6415-2 
6212-5- 
6172-9- 



Bliie Spectrum. 



Faint pair 
Strong line 
Faint pair 



6033-7 Strong line 

5912-5- Fairly strong 

6889-0- pair 

5739-9 Fairly strong 

5651-0—1 

5607-4 
<5572-9) 

5559-0 

5496-2 

5451-9 
(5421-7)-J 

5253-8- 

5221-6 

5187-5 

5162-6- 



6172-3 Weak line 
61141 „ 

6033-7 Strong line 



5739-9 Fairly strong 
5651-0-, 



Group 
containing 
five strong 
lines 



5607-4 

5559-0 
5496-2 
5451-9- 

5253-1 



Lines much 
weaker than 
in red 
spectrum 



Group of 
four lines 



4SOO 

1 



 



aaoo 6400 

I I 



id metrg 



li 



^70007800 i^a„g,ff„gt,, 



Helium 



Neon 



Argon 



Argon 

(jar discbarge) 



Krypton 



Xenon 



Xenon 

(jar- discharge) 



Q Ftaunfiofer /ires 



Paff€ 812. 
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The lines in the blue part of the spectrum can only be 
accurately identified by direct comparison, or by photographic 
methods (see Fig. 130). 

In the presence of small quantities of nitrogen the argon 
spectrum is invisible. In such cases the spectrum is more easily 
seen when the pressure is low and the jar discharge is employed. 

Krypton. — Like helium and neon the spectrum of the gas 
is independent of the nature of the discharge. The lines in the 
red area are few, but bright and distinct. The yellow line, 
5871, and the green line, 5570*5, are by far the most brilliant, 
and like the mercury line, 5461, they are distinctly visible when 
the gas is only present in minute quantity in a mixture. These 
lines are probably present in the spectrum of the aurora-boreal is, 
though this requires confirmation, and also in the spectrum pro- 
duced by the passage of an electric spark through liquid air. 
The glow in the tube is yellow-green (see Fig. 130). 

Xenon. — The spectrum of this gas, like that of argon, under- 
goes a change when a Leyden-jar and spark-gap is introduced 
into the secondary circuit, but of an inverse order. With the 
intermittent discharge the glow is blue and the lines in the red 
and green parts of the spectrum are few and faint. With the 
jar and spark-gap the glow becomes green and very brilliant, and 
the spectrum, which is very complex, contains many green lines 
(see Fig 130). 

Halides of carbon and silicon. — The line spectra of these 
gases are remarkably brilliant. The wave-lengths of the lines 
will be found in Watts's Index of Spectra. 

Mercury. — The spectrum of mercury, like that of krypton, 
is visible in the presence of traces of the substance only. 
Vacuum-tubes when newly filled with the rare gases, particularly 
tliose of higher atomic weight, almost invariably give tlie spectrum 
of mercury. . In a short time, however, the mercury appears to 
be absorbed by the electrodes, and the lines of its spectrum 
disappear. 

Lines in the spectrum of mercury (Kayser and Eunge): — 



5790-5 
5769-5 



54610 
4358-6 
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Banded spectra — Oxygen, Nitrogen, Oxides of carbon 

It is impossible to enter on a description of the spectra of 
the substances mentioned above, or the changes which they 
undergo under varying conditions. A very brief account of their 
general characteristics must suffice. 

Oxygen. — The whole spectrum of the light from the capillary 
portion of a Pliicker tube is faint, and consists only of some lines 
in the red and a number of indistinct bands extending through 
the blue portion of the spectrum. The glow in the tube is 
yellowish, and persists after the discharge has ceased to pass. 

The presence of oxygen considerably weakens the intensity 
of the spectra of such gases as helium ; the visual spectrum of 
air is, however, identical with that of nitrogen. 

Nitrogen. — The brilliant banded spectrum of the light from 
the capillary portion of a Pliicker tube is very characteristic but 
difficult to describe. The accompanying photograph gives a 
good idea of the position and form of the bands (Fig. 131). 

Oxides of carbon, — There appears to be some confusion between 
the spectra assigned to the two oxides of carbon, and many 
physicists have assigned to the dioxide, CO^, the spectrum which 
is probably due to the monoxide, CO, and which may sometimes be 
produced by the decomposition of the former under the influence 
of the discharge, or in contact with the heated electrodes in the 
vacuum-tube. The true spectrum of pure CO is practically 
identical with the so-called Swan spectrum of the luminous gas 
flame. The spectrum of CO.^ is much less sharp, and contains 
fewer bands. The matter has recently been made the subject of 
an investigation by Smithells (FJiil. Mag., 1901, 1, 476), 
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Methods of maintaining a Constant Temperature 

The simplest method consists in surrounding the apparatus with a 
melting solid, so that the liquid produced is continually removed, or 
the mixture of solid and liquid is well stirred. As a rule ice only 
is employed, but other solids, such as naphthalene (M.P. 80 06), and 
certain salts at their transition points, may be employed (Richards and 
Churchill, Proc. Amer, Acad.j 1899, 34, 277 ; Richards, ZeiL Phys, ChenUy 
1890, 26, 690 ; Chappuis, Les EcheUes Pratiques, 1900, 17). 



Temperatures ox the Normal Scale (p. 149) 



Ice 








0-0" 


Mercury . 
NagCrO^lOHaO 








- 38-80 
+ 19-85 


Na..S04lOHoO 
NagCOglOHoO 
NaaSaOgSHgb 
NaBr2H20 








32-379 
351 
48-0 
50-7 


MnCl24H20 








57-8 


SrClgeHgO 








61-0 


NagPO^iaH^O 
Ba(OH)28H2b 








73-4 
77-9 



If ice is used in delicate experiments it should be made from distilled 
water; this is not, however, important except in the case of instruments 
such as the Bunsen ice-calorimeter, which appears to be affected by 
the change of melting-point consequent upon change of atmospheric 
pressure. 

By circulating water from the main through a jacket surrounding 
the apparatus (Chapter VII.), a fairly constant temperature may be ' 
maintained. A rapid stream of water should be employed, and if a 
large quantity of water is allowed to flow away from a tap on the 
service pipe beyond the point at which the jacketing water is taken 
off, variations in the temperature due to draughts, etc., are avoided. 
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Any deBired temperature may be obtained by passing the water 
through a coil immersed in a waterbath. 

The whole apparatus can often be immersed id an Ostwald thermo- 
stat {Physu:o-Chemkal Measurements), which can be made for the 
purpose out of a large beaker. Tlie ten)i>erature may in this way be 
maintained constant within 0'1° C. for some weeks. Baths of fused 
salts, such as mixtures of sodium and potassium nitrates, well stirred 
by a mechanical stirrer, may be employed in working at higher tem- 
peratures ; Jena glass beakers must be employed in the latter case. 

The temperature of a pure liquid boiling under constant pressure 
remains fairly conBtant, but there is often a tendency towards super- 
heating, as in the case of liquid nitrogen. The temperature of the 
vapour is usually more definite, 
but vapour-jackets can only be 
emptoj'ed in the case of sub- 
stances which are liquids at the 
normal temperature. The follow- 
ing very simple methods have 
been applied by Ramsay and 
Young to the production of con- 
stant and deHiiite temperatures 
above that of the atmosphere. 
Fig. 132 shows the apparatus 
employed in heating the bulb A 
of a gas thermometer. The 
stem of the thermometer passes 
through a cork, which is covered 
by a layer of mercury t« protect 
it from the action of the liquid 
which is boiled in the flask B; 
, the vapour is condensed in the 
tube C. To regulate the pressure 
: the apparatus is connected with 

a flask of about two litres cajia- 
city, and with a manometer K 
The pressure in the apparatus 
can be adjusted by means of an 
air-pump connected with F. 
The temperature of the vapour 
in A is directly determined from 
the observed pressure (p. 319). 

It is very much more diflicult 
to maintain a constant tempera- 
ture by boiling a liquefied gas under a pressure considerably below 
the normal ; this may, however, be done in the apparatus described in 
Chapter XTI. The gas is first liquefied in the tube surrounding the 
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apparatus to be cooled by immersing it in liquid air, and is then 
evaporated by an exhaust-pump, or by connecting the tube containing 
it with another immersed in liquid air. The method is not, however, 
satisfactory unless a considerable quantity of liquid can be obtained. 

Kammerlingh Onnes has paid particular attention to the methods for 
maintaining liquid ethylene and other gases at a constant temperature. 
His work is described in the Proceedings of the Amsterdam Academij 
(published in £nglish), but involves the use of apparatus which is only 
to be found in his own laboratory. A simple calculation will indicate 
the size of the pump required to evaporate 500 c.c. of liquid air in an 
hour under a pressure of 10 mm. 

If pure anhydrous ether, contained in a large vacuum-vessel, is 
mixed with liquid air, it may be cooled down to - 120'' C. without 
becoming solid. If the vacuum-vessel is a good one the temperature 
rises very slowly, and the bath may be employed in the determination 
of critical points, etc. The bath should be stirred by means of a 
rotating screw, and the temperature may be deteimiiied by means of 
a gas or resistance thermometer. It has already been pointed out 
that the thermo-electric couple gives very erratic results when used to 
measure low temperatures. 



Tables of Boiling-points 





(1) 


Carbon Disilphide. — Range 


from 0' to 50'. 




T. 


P. 


T. 


P. 


T. 


P. 


T. 


P. 


0' 


127-9 




13" 


224*95 


26** 


374-95 


39' 


596-85 


1 


133-85 




14 


234-4 


• 27 


389-2 


40 


617-5 


2 


140-05 




15 


244-15 


28 


403-9 


41 


638-7 


3 


146-45 




16 


254-25 


29 


419-0 1 


42 


660-5 


4 


153-1 




17 


264-05 


80 


434-6 


43 


682-9 


5 


160-0 




18 


275-4 


31 


450-65 


44 


705-9 


6 


167-15 




19 


286-56 


32 


467-15 


45 


729-5 


7 


174-6 




20 


298-05 


83 


484-15 


46 


753-75 


8 


182-25 




21 


309-9 


34 


501-66 


47 


778-6 


9 


190-2 




22 


322-1 


35 


519-65 


48 


804-1 


10 


198-45 


! 23 


334-7 


36 


538-15 


49 


830-25 


11 


207-0 


! 24 


347-7 


37 


557-15 


60 


857-1 


12 


215-8 


25 


861-1 


38 


576-75 








(1) Ethyl 


Alcohol.— 


Range from 40' to ) 


^9'. 




T. 


p. 


T. 


P. 


T. 


P. 


T. 


P. 


40' 


133-7 


1 50' 


220-0 


60' 


850-3 


70' 


541-2 


41 


140-75 


i 61 


230-8 


61 


366-4 


71 


564-35 


42 


148-1 


52 


242-05 


62 


383-1 


72 


588-35 


43 


155-8 


53 


253-8 


I 63 


400-4 


73 


613-2 


44 


163-8 


1 54 


265-9 


64 


418-35 


74 


638-95 


45 


172-2 


1 55 


278-6 


66 


437 


76 


665-55 


46 


181-0 


i 56 


291 -85 


66 


456-35 


76 


693-1 


47 


190-1 


57 


305-65 


67 


476-45 


77 


721-55 


48 


199-65 


58 


319-95 


I 68 


497-25 


78 


751-0 


49 


209-6 




59 


334-85 


69 


518-85 


79 


781-45 



(1) Rcgnault, MSuioires, vol. 26, pp. 394 and 349 -, Ramsay and Young, •/itwrn. Chem, 
Soc, vol. 47, p. 640. 
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T.!l 



(2) Chlorobenzene. — Range from 70" to 132". 



P. 



T. 



P. 



T. 



P. 



T. 



P. 



70" 


97-9 


86" 


181-7 


102" 


312-5 


118" 


512-05 


71 


101-95 


87 


187-3 


103 


322-8 


119 


527-25 


72 


106-1 


88 


194-1 


104 


333-85 


120 


542-8 


73 


110-41 


89 


201-15 


105 


344-15 


121 


658-7 


74 


114-85 


90 


208-35 


106 


355-25 


122 


675-06 


75 


119*45 


91 


215-8 


107 


366-65 


123 


591-7 


76 


124-2 


92 


223-45 


108 


378-3 


124 


608-75 


77 


129-1 


93 


231-3 


109 


390-25 


125 


626-15 


78 


134-15 


94 


239-35 


110 


402-55 


126 


643-95 


79 


139-4 


95 


247-7 


111 


415-1 


127 


662-16 


80 


144-8 


96 


266-2 


112 


427-95 


128 


680-75 


81 


150-3 


97 


265-0 


113 


441-15 


129 


699-65 


82 


156-05 


98 


274-0 


114 


454-65 


130 


718-95 


83 


161-95 


99 


283-25 


116 


468-5 


131 


738-65 


84 


168-0 


100 


292-75 


116 


482-65 


132 


758-8 


85 


174-25 


101 


302-5 


117 


497-2 







(2) BiiOMOBENZENE.— Range from 120° to 157". 



T. 


P. 


T. 


P. 


T. 


P. 


T. 


P. 


120" 


274-9 


180" 


372-65 


140" 


495-8 


160" 


649-05 


121 


283-65 


131 


383-75 


141 


509-7 


151 


666-25 


122 


292-6 


132 


395-1 


142 


523-9 


152 


683-8 


123 


301-75 


133 


406-7 


143 


538-4 


153 


701-65 


124 


311-15 


134 


418-6 


144 


553-2 


154 


719-95 


125 


320-8 


135 


430-75 


145 


568-35 


155 


738-56 


126 


330-7 


136 


443-2 


146 


583-85 


156 


757-55 


127 


340-8 


137 


455-9 


147 


599-65 


157 


776-95 


128 


351-15 


138 


468-9 


148 


615-75 






129 


361-8 


139 


482-2 


149 


632-25 







(2) Aniline.— Range from 150° to 185' 



T. 


P. 


T. 


P. 


T. 


P. 


T. 


P. 


160" 


283-7 


159" 


374-6 


168" 


487-25 


177" 


625-05 


151 


292-8 


160 


386-0 


169 


501-25 


178 


642-05 


152 


802-15 


161 


397-65 


170 


515-6 


179 


659-45 


163 


311-75 


162 


409-6 


171 


630-2 


180 


677-15 


154 


321-6 


163 


421-8 


172 


545-2 


181 


695-3 


155 


331-7 


164 


434-3 


173 


560-45 


182 


713-75 


156 


342-05 


165 


447-1 


174 


576-1 


183 


732-65 


157 


352-65 


166 


460-2 


175 


592 05 


184 


751-9 


158 


363-5 


167 


473-6 


176 


608-35 


185 


771-6 



(2) Ramsay and Young, ./oMm. Chem, Soc. vol. 47, p. 640. 
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(3) QuiNOLiNE.— Range from 180** to 240^ 




T. 


P. 


T. 


p. 


T. 


P. T. 


P. 


180° 


172-4 , 


196'* 


272-2 


212- 


414-7 


228- 


612-1 


181 


177-6 


197 


279-7 


213 


425-3 


229 


626*6 


182 


182-9 


198 


287-4 : 


214 


436-1 


230 


641-3 


183 


188-3 


199 


295-3 


215 


447-1 


231 


656-3 


184 


193-9 


200 


303-4 


216 


458-4 


232 


671-6 


185 


199-6 


201 


311-6 


217 


469-9 


233 


687-2 


186 


205-5 


202 


320-0 


218 


481-6 


234 


703-1 


187 


211-6 


203 


328-6 


219 


493-5 


235 


719-3 


188 


217-6 


204 


333-7 


220 


505-7 


236 


736-7 


189 


223-9 


205 


346-4 


221 


618-1 


237 


752-5 


;i9o 


230-4 


206 


355-5 


222 


530-8 


238 


769-5 


191 


237-0 


207 


364-9 


223 


543-7 


239 


786-9 


192 


243-7 


208 


374-5 


224 


556-9 


240 


804-6 


193 


250-6 


209 


384-2 


225 


570-3 






194 


257 -6 


210 


394-2 


226 


684-0 






195 


264-8 


211 


404-3 


227 


597-9 








(2) Br( 


)MONAPH 


•fHALENE. - 


-Range 


from 215" to 282\ 




IT. 


P. 


T. 


P. 


T. 


P. T. 


P. 


215" 


158-85 


232- 


248-3 ; 


249- 


377-3 


266- 


557-6 


!216 


163-25 


233 


254-65 


260 


386-36 


267 


670-05 


217 


167-7 


234 


261-2 


251 


395-6 


268 


682-7 


218 


172-3 


235 


267-85 


252 


405-05 


269 


695-6 


|219 


176-95 


236 


274-65 


253 


414*65 


270 


608-76 


1220 


181-75 


237 


281-6 


254 


424-45 


271 


622-1 


221 


186-65 


238 


288-7 


255 


434-45 


272 


635-7 


222 


191-65 


239 


295-95 


256 


444-65 1 273 


649-5 


223 


196-75 


240 


303-35 


257 


455-0 274 


663-56 


224 


202-0 


241 


310-9 


258 


465-6 ' 275 


677-85 


225 


207-35 


242 


318-65 


259 


476-35 276 


692-4 


226 


212-8 


243 


326-5 


260 


487-35 


277 


707-15 


227 


218-4 


244 


334-55 


261 


498-56 


278 


722-16 


;228 


224-15 


245 


342-75 


262 


509-9 


279 


737-46 


229 


230-0 


246 


351-1 


263 


521-5 


280 


752-96 


230 


235-95 


247 


359-65 • 


264 


633-35 


281 


768-7 


231 


242-05 


248 


368-4 


265 


545-35 


282 


784-6 




(4) D 


IBENZYL-KE-rONB. — 


-Range J 


from 280- to 332-. 




T. 


P. 


T. 


P. 


T. 


P. T. 


P. 


280° 


245-2 


294'' 


344-5 


308- 


474-0 


322- 


639-3 


i281 


251-4 


295 


352-7 


309 


484-6 


323 


652-6 


282 


257-7 


296 


361-1 


310 


495-2 


324 


666-2 


283 


264-2 


297 


369-6 


311 


606-2 


326 


679-9 


284 


270-8 


298 


378-2 


312 


617-8 


326 


693-9 


285 


277-5 


299 


387-0 


313 


628-6 


327 


708-1 


286 


284-4 


300 


396-0 


314 


640-1 


828 


722-5 


287 


291-4 


301 


405-1 


315 


551-8 


329 


737-2 


288 


298-5 


302 


414-4 


316 


663-6 


880 


752-0 


289 


305-8 


303 


423-9 


317 


576-7 


831 


767-2 


290 


313-3 


304 


433-6 


318 


688-0 


882 


782-6 


291 


320-9 


305 


443-4 


319 


600-5 






292 


328-6 


306 


453-4 


820 


613-2 






298 


336-5 


307 


463-7 


321 


626-2 




1 



(3) Young, Joum, Chein, Soc, vol. 66, p. 483. 
(2) Ramaay and Young, Joum, Chem. Soc vol. 47, p. 640. 
(4) Young, Jotirn. Chem. Soc (1891). 
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(5) Mercury.— Range from 330' to 360' 



T. 


P. 


T. 


P. 


T. 


P. 


T. 


P. 


830^ 


461-7 


338*' 


538*4 


346'* 


625-1 


354" 


722-7 


331 


470-8 


339 


648-6 


347 


636-7 


365 


735-7 


332 


480-0 


340 


659*1 


348 


648-4 


356 


749-0 


333 


489*3 


341 


669*7 


349 


660*4 


367 


762-3 


334 


498*8 


842 


580-4 


300 


672*5 


358 


775*9 


335 


508-6 


343 


591-3 


361 


684*8 


359 


789-7 


336 


518-3 


344 


602-4 


352 


697*3 


360 


803-7 


337 


628-3 


345 


613-7 


363 


709*9 







(5) Ramsay aiul Young, Joum, Che^n. Soc. vol. 49, p. 37 ; Young, Journ. Chem, ScfC. 
(1891). 



INDEX 



Abnormal expansion, 156 
Absolute standard pressure, 1, 117 
Absolute temperature, 154 
Absorption coefficient, 254 
Absorption pipette, 81 
Acetylene, estimation of, 91 

preparation of, 53 
Adiabatic expansion, 185 
Air, analysis of, 96 

atmospheric, 96 

variations in composition of, 97 
Alloy, fusible, 22 
Ammonia, boiling-point of, 246 

in air, 97 

preparation of, 50 

volcanic, 50 
Argon, boiling-point of, 246 

density and atomic weight of, 118 

discovery of, 99 

fractionation of, 214 

preparation of, 100, 105 

quantity of, in air, 116 
AtraolysLi, 289 
Avogadro's hypothesis, 2, 66, 134 

Baly's pump, 10 

Barometers, 148 

Boiling-point of liquefied gases, 247 

Boyle's law, 1, 64, 140, 161 

Gailletet and Mathias, law of, 249 
Calibration of tubes, 75 
Callendar's thermometer, 151 
Capillarity, 60 
Carbon dioxide, boiling-point of, 245 

estimation of, 85 

in air, 97 

liquefaction of, 174, 183 

preparation of, 49 

solubility of, 255 
Carbon monoxide, boiling-point of, 245 

estimation of, 87, 94 

preparation of, 49 

solubility of, 260 
. Chlorine, boiling-point of, 246 

preparation of, 47 
Coil, induction, 309 



Combustion of gases, 92 
Compressibility of gases, 92, 161, 171 
Compression apparatus, 229 
Condensation, surface, 9 
Constant-pressure gas thermometer, 151 
Constant-volume gas burette, 69 
Constant-volume gas thermometer, 149 
Continuity of states of matter, 171 
Continuous cooling, 183 
Critical pressure, 178, 247, 248 
Critical temperature, 172, 178, 247, 248 
Critical volume, 178, 247, 248 

Dal ton's law, 254 

Densities, Leduc's determination of, 129 

Morley's, 180 

R&yleigh's, 126 

Regnault's, 125 

table of results, 133 
Density, determination of, 121 

indirect determination of, 133 
Density globes, 119 
Density, standard of, 117 
Diffusion, 288 

fractional, 289 
Discharge, electric, 309 
Distillation, fractional, 210 
Dnlong and Arago, experiments of, 161 

Effusion, 278 

Electrolysis of sulphuric acid, 44 

Electrolytic gas, composition of, 135 

preparation of, 45 
Ethane, preparation of, 52 
Ethylene, boiling-point of, 242 

estimation of, 90 

preparation of, 53 
Expansion of gases, 147 
Explosion of gases, 92 
Explosive mixtures, limiting, 93 

Fluorine, preparation of, 45 
Fractional distillation, 210, 223 
Friction, external, 286 

internal, 285 
Furnace, tube, 38 



Y 



22 



EXPERIMENTAL STUDY OF GASES 



Oas analysis, 64, 80 

burette, 66 

laws, fundamental, 1, 64 

reservoirs, 29 

tubes, 26 
Oases from natural waters, 32 
Gases, preparation of, 36 

sampling of^ 35 

storage of, 30 
Oay-Lussac's law, 1, 64, 161, 147 
Geissler's pump, 4 
Glass junctions, 18 
Gravity constant, 1 

Hampson's air liquefier, 115, 190, 199, 208 
Helium, atmospheric, 115 

and hydrogen thermometer, 155 

boiling-point of, 246 

density and atomic weight of, 113 

discovery and preparation of, 109 

estimation in minerals, 113 

homogeneity of, 114 
Henry's law, 254 
Hydriodlc acid, 51 
Hydrobromic acid, 51 
Hydrochloric acid, 51 
Hydrofluoric acid, 47 
Hydrogen, boiling-point of, 196 

estimation of, 84, 93 

liquefaction of, 195 

preparation of, 42 

solubility of, 260, 270 

India-rubber junctions, 19 

Joule-Thomson effect, 155, 176, 187, 194, 

196 
Junction, ground-glass, 19 
metal to glass, 22 

Krypton, boiling-point, etc. 246 

density and atomic weight of, 113, 232 
discovery of, 115 
separation from air, 118, 221 

Liquefaction of gases, 182, 209 
Liquid air, composition of, 224 

production of, 190 
Liquid hydrogen, 195 
Lubricant for stopcocks, 25 

McLeod's gauge, 157 
Manometer, Amagat's, 164 

Onnes's, 162, 165 
Mercury, density of, 73 

pumps, 3 

methods of purifying, 15 

troughs, 26 

vapour pressures of, 65 
Methane, estimation of, 95 

preparation of, 53 
Methyl chloride, 53, 246 



Mixtures, law of, 2, 64 

vapour pressure of, 225 
Molecular weights of gases, l&O 

Neon, boiling-point of, etc., 246 

density and atomic weight of, 113, 218 

discovery of, 115 

separation of, 115 
Nitric oxide, boiling-point, etc., 243 

preparation of^ 50 
Nitrogen, absorption by calcium, 102 
by lithium, 103 
by magnesium, 100 

atmospheric, 49 
fractionation of, 112 

boiling-point of, 241 

combination with oxygen, 104 

preparation of, 48 

solution in water, 260 
Nitrous oxide, boiling-point, etc., 244 

preparation of, 50 

Oxygen, boiling-point, etc., 239 

estimation of^ 83 

in air, 96 

in liquid air, 224 

liquefaction of, 183, 184, 190 

preparation of, 43 

solubility in water, 260, 270 
Ozone, 54, 241 

Palladium, 43 

Phosphoretted hydrogen, 51 
Phosphorus pentoxide, 41 
Pre^ure, absolute standard, 1, 117 

coefficient of gases, 148 
Pressure gauges, 141 
Pumps, compression, 190 

mercury, 3 
PV, value of, for air, 165, 234 
PV, value of, for nitrogen, 167 

R, value of, 2 

Rarefied gases, 157, 159 

Refractivity, 291 

Regnaulfs values for PV, 162, 166, 167 

Scales, graduation of, 59 

illumination of, 58 

mirror, 56 
Sealed-tube reactions, 34 
Silicon fluoride, 53 
Sodium hydride, 42 
Solubility of gases in liquids, 254 
Sparking of gases, 104 
Specific heats at constant pressure, 262, 
270 

at constant volume, 262 

ratio of, 271 
Spectra of gases, 310 
Spectrometers, 303 
Spectrum analysis, 297 
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Sprengel's pump, 11 

Sticktion, 62 

Stopcocks, 23 

Sulphur dioxide, 52, 183, 246 

Sulphuretted hydrogen, 52 

Syphon delivery tube, 37 

Syphon pipette, 28 

Telescope, reading, 57 
Temperature, standard, 1 
Temperatures, constant, 315 
Thermodynamic scale of temperature, 155 
Thermometry, 149 
Thermostats, 315 
Tiipler's pump, 5 
Transpiration, 284 

Vacuum-tubes (spectroscopic), 298 
Vacuum -vessels, 192, 198, 207 



Van der Waals's equation, 139, 156, 175, 

255 
Vapour pressures, calculation of, 236 
Vapour pressures of liquefied gases, 227 

of methyl alcohol, 239 

of water, 65, 238 
Viscosity, 285 

Volume coefficients of gases, 148 
Volume, measurement of, 66, 71 

Wash-bottles, 40 

Water, composition of, 135 

density of, 78, 74, 128 

vapour pressures of, 65, 238 

Xenon, boiling-point, etc., 246 

density and atomic weight of, 113, 2?^ 

discovery of, 115 

separation from argon and krypton, 118 



THE END 



Printed by R. &. R. Clark, Limitbd, Edinburgh, 
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